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Abstract 
A barrier to the development, calibration, and validation of improved and quantifiably 
accurate computational tools for predicting the behavior of concrete structures is the lack of 
comprehensive and dense test data from more realistic experiments. The expression 
“comprehensive and dense” is being used to describe the collection of full-field strains, 
deformations, and other test data. The term “more fully realistic” refers to test structures being of 
sufficient size to avoid a significant size effect and being subjected to loading regimes that are 
representative of what would be expected in real structures.  
The advanced research capabilities in the Network for Earthquake Engineering 
Simulation (NEES) facility at the University of Illinois at Urbana-Champaign make it possible to 
subject large-scale structural concrete components to complex loading histories and to make 
comprehensive and dense measurement of their response.  
The subject of this thesis is the examination of the cracking behavior and seismic 
response of reinforced concrete structural walls. This examination is being made using the results 
of a series of experiments conducted at the University of Illinois at Urbana-Champaign as part of 
the Network for Earthquake Engineering Simulation Research Small Group (NEESR-SG) project 
on the “Seismic Behavior, Analysis and Design of Complex Wall Systems”. A total of eight 
structural concrete walls, including planar, coupled, and C-shape walls, were subjected to reverse 
cyclic loading in this project. This thesis is concerned with the tensile response of all portions of 
the structure considering the effect of load reversals for the first five of these eight tests. More 
specifically, the test results are being used to assess the influence of structural reinforcement 
detailing and loading on the development of crack models (average crack spacing and average 
crack width), and tension stiffening effects.  This investigation assesses the appropriateness and 
iii 
limitations of existing models to predict cracking and tension stiffening as needed to develop 
new models that can be developed using the fairly comprehensive dense data that is being 
collected from the aforementioned experiments. 
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CHAPTER 1:  Introduction 
 
1.1 Statement of Problem 
The flow of forces and distribution of demands in most building and bridge structures 
are determined using linear elastic analysis methods. This is usually an acceptable approach for 
the design of structures to resist gravity forces and light wind loading in regions of low 
seismicity. However, it is not appropriate for the design of most reinforced concrete structures 
in regions of moderate to high seismicity. To account for the effects of cracking in concrete 
members, some codes-of-practice provide suggested reduced stiffness values to be used in 
conducting linear elastic analyses. While this is better than using uncracked stiffness 
characteristics this approach cannot capture the true behavior of cracked concrete structures to 
the degree necessary to ensure the construction of structures that will exhibit good and 
predictable performance under overloads and that make effective use of building materials and 
resources. 
The past few decades have seen great advancement in the development of improved 
constitutive relationships, behavioral theories, and numerical methods for predicting the 
response of structures comprised of a wide range of component types, geometries, and materials 
that are subjected to complex seismic loading regimes. While there are noteworthy exceptions, 
most engineering firms have been reluctant to use these new tools due to uncertainties in their 
predictive capabilities, the sensitivity of predictions to modeling decisions, and lack of 
acceptance into codes of practice.  
A barrier to the development, calibration, and validation of improved and quantifiably 
accurate computational tools for predicting the behavior of concrete structures has been a lack 
2 
of comprehensive and dense test data from more fully realistic experiments. The expression 
“comprehensive and dense” is being used to describe the collection of strain, deformations, and 
other test data to a similar degree as in the corresponding numerical modeling of such structures. 
The term “fully realistic” refers to test structures being of sufficient size to avoid a significant 
size effect and being subjected to loading regimes that are representation of what would be 
expected in real structures.  
Recent advancements in measurement and experimental testing capabilities make it 
possible to collect the level of quality of test data for the development, calibration and 
validation of improved constitutive relationships, behavioral models and computational tools. 
The advanced research capabilities in the Network for Earthquake Engineering Simulation 
(NEES) facility at the University of Illinois at Urbana-Champaign (UIUC) make it possible to 
subject large-scale structural concrete components to fully flexible and complex loading 
histories and to make comprehensive and dense measurement of its response.  
The subject of this thesis is the examination of the cracking behavior and seismic 
response of reinforced concrete walls. This examination is being made using the results of a 
series of experiments conducted at the University of Illinois at Urbana-Champaign as part of the 
Network for Earthquake Engineering Simulation Small Group (NEESR-SG) project on the 
“Seismic Behavior, Analysis and Design of Complex Wall Systems”. A total of eight structural 
concrete walls, including planar, coupled and C-shape walls, are being subjected to reverse 
cyclic loading in this project. This thesis is concerned with the tensile response and cracking of 
all portions of the structure for the planar and coupled wall tests only. Other researchers are 
responsible for examining other aspects of the measured response including the analysis of all 
data from the C-shape wall tests that are currently ongoing at the completion of this thesis.  
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1.2 Research Objectives 
The objective of this thesis was to better understand the tensile response, specifically 
cracking behavior of reinforced concrete structural walls that have reinforcement details 
consistent with real structural walls and boundary conditions and that are subjected to reverse 
cyclic loading.  Cracking data has been extracted from each experiment to better understand the 
cracking behavior and tension stiffening in concrete walls as described below.  
1. Develop an improved understanding of the cracking behavior of reinforced 
concrete walls that are subjected to reverse cyclic loading, including crack 
spacing, crack width, crack angle, and overall cracking pattern.  (See 1.2.1 for 
associated tasks) 
2. Develop an improved understanding of the contribution of cracked concrete in 
tension (so called tension stiffening effect) up until reinforcement yielding in 
boundary elements of walls that are subjected to reverse cyclic loading.  (See 
1.2.4 for associated tasks) 
1.2.1 Cracking Behavior 
The information collected in the experiments about the tensile straining of the walls and 
the measured development of cracking has been used to evaluate existing relationships for 
predicting crack spacing and crack widths.  Due to the apparent deficiencies in existing models 
and taking advantage of the experimental test data available in these new experiments, new 
relationships and observations from the following areas were investigated: 
• Average crack spacing in the boundary elements 
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• Average crack spacing in the web region of the walls whereby the principal 
directions of straining are usually at significant angles from the axes of the 
reinforcement.   
• Crack angles within the web of the wall. 
• Average flexural crack widths in boundary element regions.  
• Maximum flexural crack widths in the boundary element. 
• Average crack widths in the web region of walls.  
• Residual flexural crack widths. 
• Axial growth of coupling beams 
1.2.2 Scope of Objectives for Cracking 
The scope of this task was to investigate different aspects of cracking in reinforced 
concrete structures.  It was desired to develop a comprehensive set of cracking data that depicts 
a detailed progression of cracking throughout the entire loading history, focusing on crack 
spacing, crack width, and crack angle.  Most crack width and crack spacing models were 
developed from uniaxial tension tests and thereby are not necessarily applicable to predict crack 
spacing and widths in the cyclically loaded reinforced concrete walls and other similar 
structures. The shortcomings of these models as identified in the literature review presented in 
Chapter 2 are summarized below. 
1.2.3 Shortcomings and Assumptions of Existing Crack Models 
• Most models are derived from uniaxial tension tests or simply supported beams 
with one layer of reinforcement. 
• Loading on specimens is typically monotonic.  Very few studies are on reverse 
cyclic loading histories. 
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• Most tests use simple loading, uniaxial tension or constant moment, most do not 
capture shear, moment, axial load interaction, or complex boundary conditions. 
• Loading is uniform across primary tension reinforcement, unlike a deep beam 
with several layers of reinforcement. 
• Simple specimens are prismatic or membrane specimens. 
• No discontinuities in reinforcement patterns, mostly uniformly distributed. 
• Uniaxial tests do not capture actual loading of real structures, angle of cracking 
perpendicular to longitudinal reinforcement, presence of transverse 
reinforcement 
• Most models were derived from tests in which steel was not overly stressed 
(service levels), no strain hardening. 
1.2.4 Tension Stiffening 
The data that is collected on the distribution of average principal tensile strain, local 
reinforcement bar strains, and the calculated tensile stress in the concrete have been used to 
evaluate the accuracy and appropriateness of existing relationships for the average tensile stress 
contribution of the concrete after cracking and before yielding.  
1.2.5 Scope of Objectives of Tension Stiffening 
The scope of this objective was to investigate tension stiffening in the planar wall tests.  
Most tension stiffening models were developed from uniaxial tension tests under monotonic 
loading and it is not expected that these would be applicable to the tensile response of cyclically 
loaded reinforced concrete walls. Tension stiffening is an important component to model 
because it directly corresponds to the effective stiffness of the structure, and hence the 
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distribution of forces within the structure.  The shortcomings of existing tension stiffening 
models that were presented in Chapter 2 are briefly summarized below. 
1.2.6 Shortcomings and Assumptions of Existing Tension Stiffening Models 
• Almost all tension stiffening models are derived from monotonic uniaxial tension 
tests, with no cycling 
• Reverse cyclic loading is assumed to reach monotonic backbone curve, but this 
is very much dependent on bond 
• Tension stiffening models are typically not included in sectional analysis 
whereby strains on average are not considered; only strain at the crack is 
considered.   
 
1.3 Thesis Chapters 
Chapter 2 presents selected research results from reinforced concrete wall tests and 
presents existing models for the focus areas of this thesis which are models for cracking, tension 
stiffening, and bond.   
Chapter 3 summarizes the work being completed on the NEESR-SG project “Seismic 
Behavior, Analysis, and Design of Complex Wall Systems” that is pertinent to the subject of 
this thesis proposal. This summary includes the design of the specimens, development of the 
load control software architecture, instrumentation, and data acquisition. Methods of data 
collection pertinent to this thesis proposal will be emphasized. 
Chapter 4 presents general test results from the planar and coupled wall tests, and makes 
comparisons with models from finite element packages such as VecTor2 that are utilized to 
model structural walls.  
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Chapter 5 deals exclusively with crack spacing, crack width, and other aspects of 
cracking.  In particular, the measured development of cracking will be compared with existing 
crack spacing models and crack width models.   
Chapter 6 compares the measured tensile response of the planar wall specimens with an 
analytical model focusing on the effect of tension stiffening in the boundary elements.  The 
measured tensile stress in the boundary element resisted by the concrete on average is compared 
to a typical tension stiffening model. 
Chapter 7 summarizes key findings and conclusions from this experimental and 
analytical research study as well as provides recommendations for future research. 
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CHAPTER 2:  Literature Review 
  
2.1 Tension Stiffening Models 
Tension stiffening is a phenomenon in reinforced concrete behavior that is essential to 
consider to properly understand the behavior of structural concrete and to include in nonlinear 
modeling.  After a structural member cracks, the stress in the concrete at the crack location is 
intuitively zero and the reinforcement takes the entire load.  However, the concrete will still 
support tensile stresses between adjacent cracks due to the transfer through bond between the 
reinforcement and the concrete.  The concrete contribution diminishes as cracking and damage 
progresses with the increasing average tensile strain (ε1).  Normally, this behavior is depicted in 
a plot whereby the average tensile stress carried by the concrete is plotted against the average 
principal tensile strain in the concrete, as depicted in Figure 2-1. 
 
Figure 2-1: Typical tension stiffening model. 
 
9 
The typical tension stiffening model can be broken down into two parts.  The first 
portion of the plot is where the concrete and steel behave as a linear elastic material, because the 
concrete is uncracked.  It is critical to note that the initial stiffness of the combined material is 
much stiffer than the bare bar response, which can be seen in Figure 2-3.  The increase in 
stiffness is proportional to the ratio of the axial stiffness of concrete and steel, and the initial 
stiffness can be much stiffer than the bare bar.  The material remains elastic until cracking.  In 
tension stiffening models, cracking can be defined by the modulus or rupture, cracking strain, or 
any other stress or strain to represent cracking.  After cracking, the portion of the model to 
follow is referred to as the second part of a typical tension stiffening model.  It is this part of the 
model that is not commonly agreed upon, and the following paragraphs will expand on the most 
commonly used models and their similarities and differences.   
One of the first popular tension stiffening models was developed by Frank J. Vecchio 
and Michael P. Collins in 1982.  It was first published in Vecchio’s Ph.D. dissertation, and then 
later in their publication of the Modified Compression Field Theory (MCFT), (Vecchio, 1982) 
(Vecchio & Collins, 1986).  Their model was developed from a series of tests on reinforced 
concrete panels subjected to shear and combined shear and tension at the University of Toronto. 
This model is a function of the cracking stress and the principal tensile strain in the concrete, in 
that the following model was proposed: 
 
1 1 1c c crf E ε ε ε= ≤  2-1 
 1 1
11 200
cr
c cr
f
f ε ε
ε
= >
+
 2-2 
 where '0.33cr cf f=  2-3 
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Where fc1 is the tensile stress in the concrete, Ec is the modulus of elasticity of concrete, ε1 is the 
average principal tensile strain, fcr is the cracking stress, f’c is the maximum compressive 
strength (psi).  Vecchio states that the experimental results fit the linear elastic portion of the 
curve extremely well, but after cracking there is a considerable amount of scatter.  Furthermore, 
several load stages had a high average tensile stress in the concrete even at strains of several 
hundred times the cracking strain (Vecchio, 1982).  Vecchio suggests that the large scatter may 
be due to the dependence on the tensile strength of concrete and the bond characteristics of the 
reinforcement.  However, there is no dependent variable for bond characteristics in their model.  
This model is only applicable for concrete members subjected to uniaxial tension where the 
principal tensile stress direction coincides with the longitudinal direction of reinforcement.  
Furthermore, Vecchio observed that when longitudinal and transverse steel had yielded the 
contribution from concrete approached zero, as all the remaining deformation is due to plastic 
yielding of the reinforcement.  Although this model is basic and does not accurately capture 
bond characteristics, which are the primary dependent variable pertaining to tension stiffening, 
it is this type of model that most other tension stiffening models have been built upon. 
Collins and Mitchell expanded this model to include the consideration of linear terms to 
account for bond and the type of loading (Collins & Mitchell, 1987).  Their model for predicting 
the stress in the concrete after cracking can be seen in Equation 2-4. 
 1 21 1
11 500
cr
c cr
f
f
α α
ε ε
ε
= >
+
 2-4 
The model looks very similar to Vecchio and Collins, however the term in the divisor 
underneath the radical has been changed to 500 from 200 and two discrete parameters α1 and α2 
have been added, where α1 is the factor accounting for bond characteristics and α2 is the factor 
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accounting for sustained or repeated loading.  The parameter α1 can be taken as 0 for unbonded 
reinforcement, 0.7 for plain bars, wires, or bonded strands, and 1.0 for deformed reinforcing 
bars.  This merely addresses the type of reinforcement, whereby bond is heavily influenced by a 
multitude of other parameters such as size of bar, cover, confinement, and reinforcement 
arrangement.  The parameter α2 should be taken as 1.0 for short-term monotonic loading and 
0.7 for sustained and/or repeated loads (Collins & Mitchell, 1987).  Again, this is a simplistic 
approach to addressing loading, but it does not consider cyclic degradation.  A comparison of 
these models is presented in Figure 2-2.  This model begins to capture the characteristics that 
engineers understand to be the source of tension stiffening, but it still lacks the complete set of 
parameters to accurately depict the behavior for all cases. 
 
Figure 2-2: Comparison between two basic tension stiffening models 
 
Vladimir Cervenka developed a similar model as described in the article “Constitutive 
Model for Crack Reinforced Concrete” (Cervenka, 1985).  His model is defined by two 
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parameters, β and k2, in which β is a function of ε1 which is similar to the previous two models 
and can be seen below: 
 
1 1t c crf E ε ε ε= ≤  2-5 
 ( )2 11 kt r crf f β ε ε= − >  2-6 
fr is the tensile strength of concrete,  
k2 is the parameter of tension stiffening (0 to ∞) 
β is the damage parameter as defined by  = 
.
 
Although these parameters can be calibrated to fit a wide range of results, Cervenka notes that 
simple linear functions of tensile strains normal to cracks can be used, such that k2=1. 
Evan C. Bentz developed a tension stiffening model that begins to explain the 
differences between the previous tension stiffening models.  He noted the large difference in 
specimen sizes and area of reinforcement from which models have been derived, and 
hypothesized that this had a large impact on the area of concrete contributing to the tension 
stiffening effect.  He states, “At locations where the concrete is reinforced with a closely spaced 
array of small diameter bars, the average tensile stress in the cracked concrete can be expected 
to be higher than at locations reinforced with a widely spaced array of large diameter bars 
(Bentz, 2000).”  Therefore, his model incorporates a bond term that is to divide the area of 
concrete in tension by the perimeter of all of the reinforcing bars in the bonded area. 
 c
b
A
m
d pi
=
∑
 2-7 
Upon correlating the three models with their corresponding m “bond” parameter, he 
demonstrated that there is a clear relationship suggesting that for elements with poorer bond 
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properties, i.e. larger m values, the tension stiffening should be lower (Bentz, 2000).  Based on 
this parameter his tension stiffening model becomes: 
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This model is only applicable for uniformly reinforced concrete.  He also adds that since 
his model is dependent on the absolute size of the specimen, this partially explains the 
observed size effect in shear (Bentz, 2000).  This model remains simple but better 
captures the observed tension stiffening phenomenon. 
CEB-FIP Model Code 1990 addresses tension stiffening in Section 3.2 as it pertains to 
the progression of cracking in a tension member as defined in Section 7.4.3.1.  The general 
behavior of the tensile stress on average in a reinforced concrete tension member plotted against 
elongation can be seen in Figure 2-3.  
 
 
Figure 2-3: Idealized behavior of reinforced concrete tie (CEB-FIP Model Code 1990, 1993) 
 
The Model Code 1990 focuses on numerically defining the behavior between first 
cracking (point R in Figure 2-3) and the development of the stabilized cracking pattern (point S 
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in Figure 2-3), assuming all of the relevant strains are known in the steel and concrete.  A 
depiction of the behavior at first cracking can be seen in Figure 2-4.  The slope of (S-Y) is 
approximately equal to the bare bar response, but the distance between the two lines is mainly 
influenced by the reinforcement ratio.  It increases with decreasing reinforcement ratio 
(Eligehausen, Ozbolt, & Mayer, 1998). 
 
 
Figure 2-4: Stress distribution at a single crack (CEB-FIP Model Code 1990, 1993) 
 
 Furthermore, Eligehausen et al. studied the contribution of concrete in tension between 
cracks at inelastic load levels and concluded that the reinforcement ratio and the steel stress-
strain relationship (particularly the ratio between the ultimate tensile stress and the yield stress 
fu/fy) directly affect the tension stiffening phenomenon.  They came to these conclusions by 
investigating the ratio of average steel strain esm and the steel strain at the crack esr, whereby, a 
low ratio significantly reduce the rotational capacity of hinges (Eligehausen, Ozbolt, & Mayer, 
1998).  
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 Marzouk and Chen developed a tension stiffening model based on the fracture energy 
and tensile strength of high strength concrete (Marzouk & Chen, Fracture Energy and Tension 
Properties of High-Strength Concrete, 1995). 
As addressed in the CEB-FIP Model Code 1990, the tension stiffening phenomenon is 
largely dependent upon understanding the basic concepts associated with cracking which will be 
discussed in the next section. 
 
2.2 Models for Crack Spacing and Crack Widths 
Predicting crack behavior such as crack patterns, maximum crack width, average crack 
width, maximum crack spacing, and average crack spacing are some of the most difficult 
parameters to measure, calibrate, and validate for reinforced concrete structural elements.  Most 
crack spacing and crack width models are highly empirical relying heavily on a statistical fit 
within a series of experiments.  Furthermore, when considering a group of experiments across 
different researchers, finding a single statistical fit across all data is exponentially more difficult 
(Gergely & Lutz, 1968).   
Most experiments from which crack spacing and crack width are developed are 
simplistic in nature, incorporating general parameters that do not usually extrapolate to real 
structures found in the field.  Most experiments are uniaxial tension tests or very simple beam 
tests. As an example, a uniaxial tension test may be used to predict the behavior of a beam, 
whereby the tension region of the beam is assumed to behave similar to the uniaxial tension test 
from which it was derived.  In addition, models from a simple beam are used to predict cracking 
in deep beams, beams with complex loading, or flexural members with distributed longitudinal 
reinforcement over their depth such as in structural walls.   Furthermore, most experiments are 
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derived from uniform loading such that constant moment or tension is applied across a section, 
which is seldom the case in real structures.  In addition, crack spacing and crack width models 
are derived from loading in which pure monotonic tests with low levels of inelasticity because 
cracking is typically a service load problem. 
Second, the experiments usually focus on a narrow scope of variables such that they do 
not necessarily capture the behavior of real structures.  It is somewhat clear which variables 
effect cracking such as steel stress, cover, bond, distance to point in question, etc., however the 
actual terms such as A , /D p , 4 st A that make it into an equation are usually arbitrary 
and up to the researcher to coach their data into seeming reliable models (Gergely & Lutz, 
1968).  Regardless of the shortcoming of the models, many of them have found their way into 
codes and guidelines such as in the ACI-318 code (ACI-318, 2008), CEB-FIP Model Code 1990 
(CEB-FIP Model Code 1990, 1993), and the Eurocode 2 (Eurocode 2, 1992).  The changing 
relationships in codes of practice can be used to gain good insight into the evolution of models 
and theories.  
A number of crack spacing models were developed in the 1950s and 1960s from the 
results of either uniaxial tension or simple bending experiments.  The differences in these 
models are significant as summarized below by their relationships for predicting crack widths: 
Broms (Broms B. B., 1965b) 
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CEB (Gergely & Lutz, 1968) 
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Clark (Clark, 1956) 
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Borges Lima (Gergely & Lutz, 1968) 
 max 1 2 s
D
w C C f
p
 
= + 
 
 2-15 
Rusch (Rusch & Rehm, 1963) 
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Brice (Gergely & Lutz, 1968) 
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Swedish (Gergely & Lutz, 1968) 
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The variable definitions for each of these equations can be found in the works cited.  Gergely 
and Lutz believed this variability and large distinction between models was unacceptable and 
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thus set out to perform a statistical regression analysis of a database of experiments in an 
attempt to identify the variables which most greatly affect crack widths.  This type of analysis 
was somewhat new at the time in the dawn of the computer, but it pioneered the development of 
crack width models.  They studied six experimental programs by the researchers Broms (Broms 
B. B., 1965b) (Broms & Lutz, 1965), Hognestad (Hognestad, 1962), Kaar and Mattock (Kaar & 
Mattock, 1963), Kaar and Hognestad (Kaar & Hognestad, 1965), Clark (Clark, 1956), and 
Rusch and Rehm (Rusch & Rehm, 1963).  The original models proposed by some of these 
studies are found in the above equations.  They utilized a regression analysis to access which 
variables correlated with all of data the best.  The results of this analysis indicated that 
Hognestad’s and Clark’s experiments seemed to match the best and thus, Gergely and Lutz 
adopted their own equations from this study: 
 ( ) 330.091 5 10 ( )b b sw t A f inβ −= −  2-20 
 ( )3 3
1
0.091
5 10 ( )
1
b
s s
s
t A
w f in
t
h
β
−
= −
+
 2-21 
Where wb and ws are the most probable crack widths at the bottom of the beam and level of 
reinforcement (“side”) respectively in inches,  fs is the reinforcing steel stress (ksi); A is the 
effective embedment concrete area symmetric with reinforcing steel divided by the number of 
bars; tb is the bottom cover to the center of the bars (in.); ts is the side cover to the center of the 
bars (in.); β is the ratio of the distance between the neutral axis and the tension face to the 
distance between the neutral axis and the reinforcing steel as seen in Equation 2-22 and Figure 
2-5; and h1 is the distance from the neutral axis to the reinforcing steel (in.). 
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Figure 2-5: Influence of strain gradient on crack width. 
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ACI has adopted the Gergely and Lutz’s study into the ACI-318 building code, but it is 
not in the form presented above.  The ACI code adopted a methodology in which, rather than 
limiting the crack width directly, a designer should detail the spacing of the reinforcement 
within a flexural member such that cracking is limited, or that the cracks that develop will not 
be large. It is important to note from this adaptation of Gergley and Lutz study, that cracking is 
thought to be a detailing issue and not a structural design issue or criteria. 
This philosophy prompted Broms and Lutz to study the effects of the distribution or 
arrangement of the tension steel (Broms & Lutz, 1965).  The ACI Code Section R10.6.1 
addresses this philosophy (ACI-318, 2008).  The design procedure is such that, “Crack width is 
inherently subject to wide scatter even in careful laboratory work and is influenced by shrinkage 
and other time-dependent effects.  Improved crack control is obtained when the steel 
reinforcement is well distributed over the zone of maximum concrete tension… The maximum 
bar spacing is specified directly to control cracking” (ACI-318, 2008, pp. Sec. R10.6.1-4). As 
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such, the spacing of the bottom layer of tension reinforcement shall not exceed (ACI-318, 
2008): 
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Where s  is the spacing of reinforcement, 
sf  is the stress in the steel (recommended to be 
2
3 y
f
), and 
cc  is the clear cover.  It should be noted that this equation is specified for one-way slabs 
and beams.  To reemphasize how the ACI-318 code has adopted Gergely and Lutz’s study, the 
commentary within Section 10.6.4 says, “Crack widths in structures are highly variable.  In 
Codes before the 1999 edition, provisions were given for distribution of reinforcement based on 
empirical equations using a calculated maximum crack width of 0.016 in.  The current 
provisions for spacing are intended to limit surface cracks to a width that is generally acceptable 
in practice but may vary widely in a given structure” (ACI-318, 2008, p. Sec. R10.6.4).  
Even with the adoption of crack width models into the ACI code, the model still has 
limitations as indicated by Frosch.  He argues that Equation 2-20 and 2-21 are only valid for 
cover less than 2.5 inches (Frosch, 1999).  For the studies considered by Gergely and Lutz, only 
specimens with a cover between 0.69 inches to 2.5 inches were studied.   
Crack spacing like crack widths are modeled from empirical studies.  One would 
hypothesize that crack spacing is affected by similar variables to crack width models.  The 
relationship between crack spacing and crack width can be seen in the following equation:  
 
c s cw Sε=  2-24 
Surprisingly, crack spacing models can be estimated simply by the following: 
 *c sS d= Ψ  2-25 
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Where 
cS is the crack spacing on the tension face, cΨ is a crack spacing factor which equals 1.0 
for minimum crack spacing; 1.5 for average crack spacing; and 2.0 for maximum crack spacing, 
and 
*d is the controlling cover distance (Frosch, 1999).  Equation 2-25 stems from the research 
of Broms 1965 (Broms B. B., 1965b).  
 Broms also studied the stress distribution within concrete members in direct tension 
within his study, “Stress Distribution in Reinforced Concrete Members with Tension Cracks” 
(Broms B. B., 1965a). He extended that paper into how the stress distribution within a tension 
member causes cracking as shown in Figure 2-6.  Figure 2-6 shows the progression of cracking 
and the ever diminishing concrete contribution in direct tension as denoted by the area shaded 
white.   
 
 
 Figure 2-6: Stress distribution during uniaxial tension test (Broms B. B., 1965b) 
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The design crack width as defined by the Eurocode 2 (Eurocode 2, 1992) is: 
 
k rm smw sβ ε=  2-26 
Whereby wk is the design crack width, srm is the average final crack spacing, and β is a 
coefficient relating the average crack width to the design value, taking into account tension 
stiffening (Marzouk, Hossin, & Hussein, 2010).  εsm is the mean strain allowed under the 
relevant combination of loads for the effect of tension stiffening, shrinkage, etc. and defined as: 
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Whereby σs is the stress in the tension reinforcement calculated on the basis of a cracked 
section.   σsr is the stress in the tension reinforcement calculated on the basis of a cracked 
section under the loading conditions causing first cracking.  β1 is a coefficient which takes 
account the bond properties of the bars (1.0 for high bond bars, and 0.5 for plain bars).  β2 is a 
coefficient which takes account of the duration of the loading or repeated loading (1.0 for single 
short term loading, 0.5 for sustained load or many cycles) (Eurocode 2, 1992).  The average 
final crack spacing (srm) may be defined as: 
 1 250 0.25rm
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Whereby φ is the bar size in mm, k1 is the coefficient which takes account of the bond properties 
of the bars (0.8 for high bond bars, 1.6 for plain bars), and k2 is a coefficient which take account 
the form of the strain distribution (0.5 for bending, and 1.0 for pure tension).  A somewhat 
average value for k2 can be taken for eccentric tension loading cases or local tension.  ρr is the 
effective reinforcement ratio As/Ac,eff where As is the area of reinforcement contained within the 
effective tension area, Ac,eff.  The effective tension area is generally the area of concrete 
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surrounding the tension reinforcement of depth equal to 2.5 times the distance from the tension 
face of the section to the centroid of the reinforcement.  A visual definition of the ratio can be 
found in (Eurocode 2, 1992).  It should also be noted that for cracks forming an angle greater 
than 15 degrees with respect to the primary tension reinforcement, for members reinforced in 
two orthogonal directions then the crack spacing may be calculated from the following equation: 
 1
cos sinrm
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+
 2-29 
Whereby θ is the angle between the reinforcement in the x direction and the direction of the 
principal tensile stress.  srmx and srmy are the crack spacing calculated in the x and y directions 
respectively using Equation 2-29 (Eurocode 2, 1992). 
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Figure 2-7: Effective area for Eurocode 2 crack spacing model (Eurocode 2, 1992). 
 
Rizkalla in the early 1980s completed an extensive study of reinforced concrete 
elements subjected to uniaxial tension to develop a theoretical prediction for crack spacing and 
crack width (Rizkalla, El-Shahawi, & Kwok, 1982) (Rizkalla & Hwang, 1984).  Their 
experimental study consisted of 34 rectangular specimens.  The dependent variables in the study 
were the element thickness (5, 7, or 10 inches thick), concrete cover (0.5, 0.75, 1.5 inches), 
spacing of transverse reinforcement (2, 3, 4, 6, 8.5, 10.5 inches), and reinforcement bar size (#3, 
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#4, #6, 10M, or 15M).  Their study differed from early studies in that they predicted the number 
or cracks formed at any given load stage and they developed a better tolerance range that crack 
width and crack spacing predictions could fall between (Hwang & Rizkalla, 1983) (Rizkalla & 
Hwang, 1984).   Furthermore, they concluded from this study that the spacing of primary cracks 
in a reinforced concrete membrane element subjected to uniaxial tension are affected primarily 
by the presence of transverse reinforcement parallel to the direction of the cracks (Rizkalla, 
Hwang, & El-Shahawi, 1983) (Base, Read, Beeby, & Taylor, 1966).  This study begins to shed 
light on crack spacing in membrane elements whereby most previous studies were referring to a 
single crack spacing at the bottom of a flexural member. 
The European CEB-FIP Model Code 1990 is a guide to the design of reinforced concrete 
members.  Similar to the Eurocode 2 model for crack spacing, in the 1987 edition of the CEB-
FIP Model Code (CEB-FIP Model Code for Concrete Structures, 1978), the crack spacing on 
the tension face of a tension or bending member can be calculated as: 
 1 22
10
b
ave
eff
ds
s c k k
ρ
 
= + + 
 
 2-30 
Where c is the clear cover, s is the spacing of longitudinal bars, but not greater than 15 
bar diameters, k1 is 0.4 for deformed bars or 0.8 for plain, k2 is 0.25 for pure tension, 0.125 for 
bending, and 
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 for eccentric tension or in the web of the beam, db is the bar 
diameter, and eff s cefA Aρ = where As is the area of steel considered to be effectively bonded to 
concrete and Acef is the area of effective embedment zone of concrete where the reinforcing bars 
can influence the crack widths.  Equation 2-30 predicts the average crack spacing after a 
stabilized crack pattern has formed.  The loading or straining is not considered in this model, 
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but was added into the latest edition of the CEB-FIP Model Code, 1990 edition, whereby the 
crack spacing is a function of the transmission length, defined as the length over which slip 
between steel and concrete occurs adjacent to a crack (CEB-FIP Model Code 1990, 1993).   The 
model is better suited for analytical tools since it is a function of the strain in the element. 
Similar to the CEB-FIP Model Code equations, the Canadian Standards Association 
(CSA), CSA Committee A23.3 2004, has a design code that has a similar design equation for 
crack spacing and crack width. The model for crack spacing is: 
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Where the effective bond ratio eff s cefA Aρ =  is calculated explicitly by hef which is the effective 
embedment thickness which is the greater of ( ) 7.5b bc d d+ + or the tension zone depth.     
While more studies attempt to curve fit data from experiments, it seems necessary to 
understand the mechanics behind cracking, which is the interaction between reinforcement and 
concrete known as bond.  As discussed in Base, Read, Beeby, and Taylor in 1966 there are two 
original theories for the mechanisms behind cracking.  The first, or “classical” theory is where 
cracks form as the tensile stress of the concrete is exceeded and the concrete slips at the 
interface of the reinforcement and concrete.  The other is the ‘no slip’ theory in which the 
concrete does not slip along the adjacent reinforcement.   
All previous models described are empirical, however current research is pushing these 
models into FEM packages whereby the entire behavior of reinforced concrete elements is 
predicted, and more importantly equilibrium requirements need to be satisfied to validate 
assumptions and procedures.  Two primary methods exist for predicting the behavior of 
reinforced concrete, each which has a different approach to incorporating cracking.  Mitchell 
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and Collins in the late 1980s developed the Compression Field Theory (CFT) (Mitchell & 
Collins, 1974) and then Vecchio and Collins developed the Modified Compression Field Theory 
(MCFT) to predict the behavior of reinforced concrete membrane elements (Vecchio & Collins, 
1986).  They used the tension stiffening relationship as defined in Equation 2-2 to characterize 
the tensile response of concrete on average across the element.  Conversely, from the work of 
Marti and Kaufman in the 1990s, they developed a cracked membrane model from 
implementing the tension chord model for characterizing the tensile response of an element.  
Crack spacing and tensile stresses between the cracks are determined from equilibrium 
conditions and bond shear stress-slip relationships, and the link to limit analysis is maintained 
since equilibrium conditions are formulated in terms of stresses at the cracks rather than average 
stresses between the cracks (Kaufman & Marti, 1998).  Marzouk et al. used the tension chord 
model to estimate the crack width directly for structures with large cover.  Again, the bond 
stress-slip relationship must be assumed (Marzouk, Hossin, & Hussein, 2010).  Both of these 
theories begin to address the mechanisms of bond that are ultimately responsible for cracking. 
 
2.3 Bond Models 
Bond forces develop at the interface of concrete and reinforcing steel and it is the 
fundamental property to many aspects of reinforced concrete behavior.  While this topic is 
researched extensively, it is quite difficult to measure bond forces directly and thus there is 
large scatter in experimental data due to the empirical nature of the research.  Typically, the 
bond stress on an embedded reinforcing bar is expressed by: 
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Where τ is the bond stress, F is the force in the bar, db is the bar diameter, and le is the 
embedment depth (Eligehausen, Ozbolt, & Mayer, 1998). 
While most research focuses on monotonic testing and simplified tests, less is 
understood about the cyclic degradation of bond, specifically under reverse cyclic loading.  
Committee 408 of the American Concrete Institute is dedicated to understanding bond behavior 
and collaborating their findings in state-of-the-art reports such as “Bond and Development of 
Straight Reinforcing Bars in Tension”, referred to as ACI 408R-03 (ACI 408R-03, 2003), and 
“Bond Under Cyclic Loads”, referred to as ACI 408.3R-92 (ACI 408.2R-92, 1992).  These two 
reports provide excellent background and development of bond models through the last 50 years. 
Bond was originally modeled as the shear stress between the concrete and reinforcing 
steel which is basically treating bond as a material property.  However, modern research has 
shown that bond is a structural property that not only relies on the material itself, but the 
geometry of the reinforcing bars as well as the complete reinforcing details and loading 
conditions of the structural member (ACI 408R-03, 2003).  Bond encompasses anchorage, 
development, and splices of reinforcement in concrete members.  There are three types of forces 
that contribute to bond strength: 
• Chemical adhesion between the bar and concrete 
• Frictional forces that arise from the roughness of the reinforcing bar and slipping 
• Mechanical bearing of the lugs on reinforcing steel as slip increases and thus 
friction is lost 
In general, initial stiffness and bond strength is created from the chemical adhesion 
between the bar and concrete.  Once this force is overcome the bar begins to slip in which 
causes bearing of the ribs on the concrete and frictional forces.  These mechanisms ultimately 
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create two types of bond failures.  The first type of failure is splitting as depicted in Figure 
2-8(a).   The second type of failure develops when the concrete surrounding the bar is 
prohibited from fully splitting due to confinement such that the bar pulls out by shearing along 
the surface at the top of the ribs.  This type of failure can be seen in Figure 2-8(b).   
 
 
                         (a)                                                            (b) 
Figure 2-8: Two types of bond failures (a) splitting (b) pullout (ACI 408R-03, 2003) 
 
There are many factors that affect the bond between reinforcing steel and concrete.  
Typically, they are broken up into three groups, structural characteristics, bar properties, and 
concrete properties as presented in ACI 408R-03.   
Structural Characteristics  
• Concrete cover 
• Bar spacing 
• Development and splice length 
• Transverse reinforcement 
• Bar casting position 
• Noncontact lap splices 
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Bar Properties 
• Bar size 
• Bar geometry 
• Steel stress and yield strength 
• Bar surface condition 
Concrete Properties 
• Compressive strength 
• Aggregate type and quantity 
• Tensile strength and fracture energy 
• Concrete slump and workability admixtures 
• Mineral admixtures 
• Fiber reinforcement 
• Consolidation 
 
The CEB-FIP Model Code 1990 presents a simple bond stress-slip model, derived from 
the extensive study by Eligehausen et al. (Eligehausen, Ozbolt, & Mayer, 1998).  This model 
can be considered as a statistical mean curve, applicable as an average formulation for a broad 
range of cases (CEB-FIP Model Code 1990, 1993).  A table defining the parameters within the 
model can be found in Table 2-1.  Failure of the concrete by splitting is the result of poorly 
confined concrete or the proximity of the reinforcing bar to the surface of the concrete.  On the 
contrary, adequately confined concrete would result in a shearing failure of the concrete 
between the reinforcing bar ribs (CEB-FIP Model Code 1990, 1993).  
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Figure 2-9: Analytical bond stress-slip relationship for monotonic loading (CEB-FIP Model 
Code 1990, 1993) 
 
While the CEB-FIP Model Code is generic in form, the codes states that there is 
significant scatter due to different test specimens which create different states of stress in the 
concrete surrounding the reinforcing bars, different measuring techniques, different loading 
velocities, and different loading.  In addition, the heterogeneity of the concrete and the geometry 
of the reinforcing bars (rib area, diameter) also have a roll in the stress-slip relationship.   
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Table 2-1: Parameters for Defining the Mean Bond Stress-Slip Relationship (CEB-FIP Model 
Code 1990, 1993) 
 
 
Other bond models exist, but most are an adaptation of the Eligehausen model.  There is 
more debate over the unconfined behavior since cracking is the primary cause of the failure 
which is much harder to predict.  For example, Gan proposes a model in which there is no 
plateau for unconfined concrete.  Rather, after the peak bond stress is reached the slitting cracks 
cause a rapid degradation of strength (Gan, 2000).  Other models differ slightly due to different 
predictions in cracking and strength degradation.   
 
2.4 Cyclic Stress-Strain Models and Degradation 
The models that have been presented thus far are typically developed and calibrated to 
monotonic loading, or loading in one direction typically either tension or compression.  The 
monotonic loading curve is referred to as the backbone curve when applied to cyclic response.  
In order to apply these models to the cyclic response of reinforced concrete, the unloading and 
loading curves need to be defined and examined.   
Good bond 
conditions
All other 
bond 
conditions
Good bond 
conditions
All other 
bond 
conditions
s1 0.6 mm 0.6 mm 1.0 mm 1.0 mm
s2 0.6 mm 0.6 mm 3.0 mm 3.0 mm
s3 1.0 mm 2.5 mm
Clear rib 
spacing
Clear rib 
spacing
a 0.4 0.4 0.4 0.4
τmax 2.0√fck 1.0√fck 2.5√fck 1.25√fck
τf 0.15τmax 0.15τmax 0.40τmax 0.40τmax
* Failure by splitting of the concrete
** Failure by shearing of the concrete between the ribs
Unconfined Concrete* Confined Concrete**
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To understand cyclic loading, it is first necessary to understand the way in which energy 
and deformation are absorbed into a system.  To simplify, if a system remains elastic, then the 
elastic strain can be fully recovered upon unloading.  In other words, all of the work put into the 
system that is stored within the system as potential energy which can be recovered upon 
unloading.  Furthermore, the area under the elastic loading curve (force-displacement curve) is 
the work put into the system and the area underneath the unloading curve is the work recovered.  
If these two areas are equal, then the structure is has not absorbed any energy.  Reinforced 
concrete members do not exhibit this type of trivial behavior past the point of cracking in the 
case of the tensile response and an arbitrary value of compressive strain for the compressive 
response.   
To capture the response of cyclic loading on materials such as reinforced concrete that 
exhibit plastic straining, one more step needs to be looked at.  If a structure that has undergone 
plastic straining in the loading direction, then the unloading portion of the curve will not match 
the loading curve.  In other words, the area under the loading branch will differ from the area 
under the unloading branch.  The difference in work is referred to the energy absorbed by the 
system.  In the case of reinforced concrete, energy is absorbed by permanent local and global 
damage to the system in the forms of cracking and crushing of the concrete, yielding of 
reinforcement, and damage, etc.  A simple full reversed loading cycle can be seen in Figure 
2-10. 
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Figure 2-10: Cyclic loading and unloading curves over backbone response (Eligehausen, Ozbolt, 
& Mayer, 1998) 
  
It is the unloading portion of the cyclic response that is necessary for cyclic modeling.  
Once again, the loading portion of the curve typically comes from the backbone models.  The 
method by which these loading and unloading branches are developed is dependent upon how 
they are implemented into numerical tools such that the models remain stable for all forms of 
loading.   
 One of the first large experimental studies on the cyclic behavior or reinforced concrete 
was conducted by Eligehausen et al, and is summarized in the document titled, “Local Bond 
Stress-Slip Relationships of Deformed Bars under Generalized Excitations”.  In this 
experimental study, 125 pull-out tests were conducted to investigate the effects of loading 
history, confining reinforcement, bar diameter and deformation pattern, concrete compressive 
strength, clear bar spacing, transverse pressure, and loading rate.  At the time of the publication 
it was noted that the bond behavior of cyclic loading on monotonic tests was well known, yet 
bond behavior under reverse cyclic tests are extremely limited, which was one of the primary 
focuses of the study.  The article summarized the typical bond stress-slip reserved cyclic 
loading history by dividing the cycle into different curves which are: the loading branch, 
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unloading branch, frictional branch, and reloading branch.  The subsequent cycle will have a 
degradation in strength, denoted as a reduced envelope with respect to the monotonic envelope 
(Eligehausen, Ozbolt, & Mayer, 1998).   
Some of the conclusions from the benchmark study indicated that the bond strength and 
stiffness degradation depend on the maximum peak slip in both directions previously reached, 
noting that the deterioration is larger for full reversals in loading.  Cycling between slip values 
corresponding greater than 80 percent of the maximum bond resistance corresponds to a 
significant deterioration of bond strength and stiffness (Eligehausen, Ozbolt, & Mayer, 1998).   
Vecchio and Palermo implemented different cyclic response of reinforced concrete 
elements into a finite element program comparing the results with large-scale experimental 
squat walls (Palermo, 2002).  They investigated a simplified model using plastic offsets with 
linear loading and unloading.  They further extended this model to have plastic offsets, with 
nonlinear loading and unloading branches as seen in Figure 2-11.  The model incorporates 
cyclic strength degradation. 
 
 
Figure 2-11: Plastic offsets, nonlinearity with cyclic decay (Palermo, 2002) 
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Most experimental investigations such as the Eligehausen study characterize average 
bond stress and bond-zone deformation.  Lowes, Moehle, and Govindjee developed a bar-scale 
model which captures the local damage surrounding the reinforcing steel, deformation of 
reinforcing steel, and the surrounding plain concrete.  Their model incorporates cyclic 
degradation, concrete confining pressure, concrete damage states, and the steel strain state.  
They calibrated and validated this model from previous experimental research and implemented 
the model in finite element software in the form of a bond element in a uniformly refined mess 
which makes it easier and computationally less intensive to design engineers (Lowes, Moehle, 
& Govindjee, 2004).    
 
2.5 Experimental Wall Tests 
Significant research in the investigation of structural walls accelerated in the late 1960s.  
Prior to the 1960s, research on structural walls was focused on infilled frames, low-rise squat 
walls, and very basic monotonic tests.  In the early 1970s experimental wall tests conducted at 
the University of Illinois at Urbana-Champaign, the University of California at Berkley, and the 
Portland Cement Association provided data on the strength, ductility, and energy dissipation 
capacity of reinforced concrete structural walls.  While this research was a giant leap in the right 
direction, walls tests were small-scale, monotonic loading, limited reinforcement configurations, 
and the analytical models that were derived from these experiments were highly empirical.   
In the late 1970s and into the 1980s researchers began to investigate variables such as 
dynamic loading, presences of heavily reinforced boundary elements, shear deformations, 
openings in walls, different failure mechanisms, and effect of axial load on shear capacity of 
walls.  An example of this research was conducted by Russell, Oesterle, Fiorato, and Corley in 
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1978 at the Portland Cement Association.  The conducted a series of small-scale low-rise 
experimental wall tests and concluded that these walls were capable of resisting large ductilities 
corresponding to shear stresses of 10 'cf , walls under axial load can resist higher shear 
demand, and the use of confined reinforcement in the boundary elements within the plastic 
hinging zone significantly improves inelastic behavior  (Russell, Oesterle, Fiorato, & Corley, 
1978).  In an similar study, Oesterle et al investigated different failure mechanisms in the web 
region of structural walls.  A series of 16 large-scale wall tests subjected to reverse cyclic 
loading were conducted where the concrete crushed in the web.  Oesterle concluded that web 
crushing depends on the level of applied deformations as well as the level of applied lateral and 
axial forces.  He used an analytical model based on the parallel truss analogy to evaluate the 
experimental results  (Oesterle, Aristizabal-Ochoa, Shiu, & Corley, 1984).  Oesterle et al. also 
concluded that structural walls possess significant rotational ductility when subjected to reverse 
cyclic loading (Oesterle, Fiorato, Aristizabal-Ochoa, & Corley, 1980). 
Wood in the 1990s conducted a large number of experimental wall tests and validated 
the results with finite element tools.  Wood investigated the use of diagonal reinforcement in the 
web of structural walls and concluded that diagonal reinforcement reduced shear deformations 
and reduced the likelihood of web crushing (Wood, 1990) (Sittipunt & Wood, 1995).   
Elnashai and Pilakoutas tested nine large 1:2.5 scale reinforced concrete structural walls 
subjected to reverse cyclic loading without axial load.  The walls had reinforced boundary 
elements with confinement reinforcement.  They found that different failure mechanisms 
developed depending on the amount of shear reinforcement.  They concluded that the wall 
extended vertically from the permanent plastic deformation stored in the primary longitudinal 
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steel in the plastic hinge zones (Elnashai, Pilakoutas, & Ambraseys, 1990) (Pilakoutas & 
Elnashai, 1995). 
Lefas and Kotsovos tested four identical large 1:2.4 scale with large reinforced concrete 
walls with large dumbbell boundary elements. They tested the effect of the loading applied to 
the walls and they repaired the walls to conduct further testing.  They applied a nondestructive 
monotonic loading and then applied a cyclic horizontal loading.  They concluded that the 
strength and deformation response was independent on the cyclic loading regime (Lefas & 
Kotsovos, 1990) 
Zhang and Wang tested four large reinforced concrete walls subjected to reverse cyclic 
loading.  They applied a large amount of axial load to their walls, two walls at 24 percent and 
the remaining two at 35 percent of their gross axial capacity.  Most wall tests prior to these tests, 
if axial load was even considered, utilized less than 20 percent of the gross axial capacity.   
They witnessed some out-of-plane buckling at the larger axial load level but they concluded that 
their code based capacity prediction underestimated the wall when an axial load of 35 percent of 
gross capacity was applied (Zhang & Wang, 2000) 
 Palermo and Vecchio tested two large-scale squat walls with wide flanges subjected to 
reverse cyclic loading.  They concluded that a small amount of axial load 5.4% of 'cf  caused a 
significant increase in capacity.   They verified that a secant-stiffness based analytical model 
could accurately simulate the behavior of a reinforced concrete wall under cyclic loading.  They 
validated their results with FEM tools based on the MCFT and developed a 3D analytical tool 
for modeling 3D reinforced concrete structures (Palermo, 2002). 
Beyer and Dazio conducted six large 1:2 scale planar wall tests.  They varied the 
longitudinal reinforcement layout and ductility properties of the reinforcement as well as the 
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confinement reinforcement in the boundary elements.  They observed many different failure 
mechanisms including fracturing and buckling of the longitudinal reinforcement in the 
boundary elements, fracture of the web reinforcing bars, as well as concrete compressive 
failures in the boundary elements.  They observed premature fracture of the web reinforcement 
at a single crack that spans the entire width of the wall.  They also concluded that ductility of 
the boundary element reinforcement is vital to ensuring ductile behavior (Dazio, Beyer, & 
Bachmann, 2009) 
Beyer and Dazio conducted two large 1:2 scale U-shape wall tests.  Testing on U-shape 
walls and reinforced concrete core wall systems has been largely untested.  Beyer and Dazio 
varied the thickness of the two walls, 0.15 and 0.10 meters.  They reinforced the flange tips and 
corners of both walls with confinement reinforcement.  They subjected the walls to bidirectional 
loading similar to a figure eight pattern.   They walls reached displacement ductilities of 6 and 8.  
They observed failure from longitudinal reinforcement fracturing after buckling of the 
reinforcement.  They also observed web crushing in the thinner wall as a result of the 
unconfined web regions.   They noted that more research is needed to investigate the effects on 
biaxial loading and U-shape walls, that are often designed by engineers assuming unidirectional 
loading and models developed from planar specimens (Beyer, Dazio, & Priestley, 2008). 
Lequesne and a subsequent study by Foltz investigated the use of high-performance 
fiber-reinforced concrete (HPFRC) coupling beams and coupled wall systems.  Lequesne 
conducted three coupling beam component tests with an aspect ratio of 1:1.75.  He also tested 
two large 1:3 scale four story coupled wall systems with different coupling beam components at 
each floor level.   Foltz experimentally tested the HPFRC under biaxial loading and developed a 
analytical model to predict the behavior of the coupling beams.  They concluded coupling 
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beams with HPFRC were better at resisting damage compared to conventional reinforced 
concrete coupling beams (Foltz, 2011).  Lequesne observed axial elongation of the coupling 
beams.  (Lequesne, 2011). 
Thomsen and Wallace tested a series of large 1:4 scale reinforced concrete walls that 
were subjected to reverse cyclic loading.  Two walls were planar in section and two were T-
shape in section.  The walls were tested to validate a displacement-based design approach.  
Heavily reinforced confined boundary elements were used in each wall.  They noted a failure at 
drifts in excess of 2%.  They varied the spacing of the confinement reinforcement in the 
boundary elements.  They concluded that wall shape, planar versus T-shape, has an effect on the 
failure mode of the wall. (Thomsen & Wallace, 2004).  Thomsen and Wallace also argued that 
the plastic hinge length has the greatest impact on the predicted strain profiles.  Bohl and 
Adebar extended this research by studying the plastic hinge length for these wall tests.  They 
developed a series of expressions to predict the maximum plastic hinge length as a function of 
wall length, moment-shear ratio, and axial compression (Bohl & Adebar, 2011). 
Reinforced concrete structural walls are difficult to test due to their large size and 
complex loading.  There are only a limited number of large wall tests that have been conducted 
and they all focus on different dependent variables that make it difficult to draw conclusions 
across wall tests.  Further, experimental wall studies typically have a small number of test 
specimens to draw a wide breath of conclusions from.  While the reinforced concrete wall tests 
presented in this section attempt to answer many questions about wall behavior there are some 
variables that were not been addressed in great detail that the “NEESR-SG: Seismic Behavior, 
Analysis, and Design of Complex Wall Systems” project attempts to answer such as the 
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influence of wall shape, reinforcement ratios, reinforcement detailing, and loading protocol on 
the behavior, response, and performance of these structural concrete wall systems.   
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CHAPTER 3:  NEESR Wall Project Experimental Testing Program 
 
3.1 Project Introduction 
A series of experimental reinforced concrete wall tests were conducted at the University 
of Illinois at Urbana-Champaign Multi-Axial Full-Scale Sub-Structured Testing and 
Simulations Facility (MUST-SIM). This facility is one of 14 national shared-use experimental 
testing sites that was established in the National Science Foundation’s (NSF) Network for 
Earthquake Engineering Simulation (NEES) program. The project that funded this research was 
titled “NEESR-SG: Seismic Behavior, Analysis, and Design of Complex Wall Systems” which 
was conducted by Drs. Laura Lowes and Dawn Lehman from the University of Washington, Dr. 
Jian Zhang from the University of California Los Angeles, and Dr. Daniel Kuchma as the lead 
investigator at the University of Illinois at Urbana-Champaign.  A series of planar, coupled, and 
C-shape walls were tested in this research project to investigate the influence of wall shape, 
reinforcement ratios, reinforcement detailing, and loading protocol on the behavior, response, 
and performance of these structural concrete wall systems.   
Structural walls are widely used in practice to resist lateral loads imposed by wind or 
earthquake loads.  The design of these walls is highly empirical and is based on previous 
experimental research in which it was not possible to impose realistic loading distributions. 
Specifically, many experiments on structural walls maintain axial load while imposing a single 
or series of lateral loads that are applied at each story level, whereby the accumulating 
overturning moment in the lower story levels is rarely accounted for.  Additionally, many 
typical wall shapes, reinforcement details and boundary conditions that are commonly used in 
practice have not been adequately investigated in structural wall tests.   
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The series of experimental tests that were conducted at the University of Illinois at 
Urbana-Champaign attempt to overcome most of these deficiencies.  To simulate the demand 
originating from the upper stories of a multi-story structure, specialized Load-and-Boundary-
Condition Boxes (LBCBs) were used.  These loading units are discussed in detail in Section 
3.7.2.  Additionally, special attention was given to the reinforcement details, in particular to the 
longitudinal splice used at the base of a structural wall.  
 
3.2 Experimental Plan 
The experimental plan was composed of several large structural walls that are one-third 
scale.  Each wall tested was the lower three stories of a 10-story tall building.  Each wall was 
approximately 12 feet tall, 10 feet wide, and 6 inches thick.  A picture of the test setup is 
presented in Figure 3-1. For some of the tests, additional side mounted actuators were attached 
at the 4 and 8 feet height locations to simulate the shear forces induced at the top of the first and 
second floor levels.   
Four planar walls, one coupled wall, and three C-shape wall tests were planned. Table 
3-1 describes the testing matrix.  The four planar wall tests were labeled PW1, PW2, PW3, and 
PW4.  The coupled wall was labeled CW1 and the three C-shape or U-shape walls were labeled 
UW1, UW2, and UW3.   
The main variables within the experimental plan were the longitudinal reinforcement 
ratios, effective height ratio (αeff), and shape of the wall.   The influence of longitudinal 
reinforcement ratio was being investigated by altering the boundary element region.  Three of 
the planar wall tests (PW1, PW2, and PW4) were built with heavily reinforced boundary 
elements; PW3 contains the same overall reinforcement ratio as the other three planar walls 
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(PW1, PW2, and PW4), but the reinforcement was smeared evenly across the entire cross 
section. PW1, PW2, and PW3 were built with a 24 inch lap splice at the foundation-wall 
interface, while PW4 had no splice whereby the longitudinal reinforcement ran continuously 
from the foundation to the cap beam.  Similarly, CW1, UW1, UW2, and UW3 did not have a 
splice.   
The effective height ratio (αeff) is the fraction of the 10-story building height for the 
center position of the lateral loading or as defined in Figure 3-2. A high effective height ratio 
will lead to higher flexural demand whereas a lower effective height ratio will lead to higher 
shear demand on the lower three story test specimen. In the test program, the effective height 
was controlled by the moment to shear (M/V) ratio that was imposed at the top of the wall as 
defined in Equation 3-1.   
All loading on the specimens was in-plane with the exception of the C-shape walls 
whereby bi-directional loading is planned.  The axial load was held constant to represent the 
dead load on the structure, which was approximately '0.1 c gf A .  There was a calibration error 
during PW2, in which the desired axial load of '0.1 c gf A was overshot and the actual axial load 
on the specimen was '0.15 c gf A . 
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Figure 3-1: Planar wall test with two LBCBs 
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Figure 3-2: Moment to shear ratio and effective height derivation 
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Table 3-1: Experimental Testing Plan 
 
 
3.3 Specimen Design 
All of the wall specimens were designed by the University of Washington researchers.  
An outside advisory panel of structural engineers from KPFF and Magnusson Klemencic 
Associates provided input and seismic detailing guidance to help ensure that the designs 
represented current construction practice.  The walls were designed to ACI 318-05 to meet the 
following objectives: 
a. Produce a wall specimen with a nominal shear strength determined by the ACI 
318-05 minimum horizontal reinforcement ratio 
Effective 
Height Ratio 
(αeff)
Axial Load 
Loading 
Direction
Lap Splice 
Provided
Boundary 
Elements
PW-1 0.71 0.1f'cAg In Plane Yes Yes
PW-2 0.525 0.15f'cAg In Plane Yes Yes
PW-3 0.5 0.1f'cAg In Plane Yes Uniform
PW-4 0.5 0.1f'cAg In Plane No Yes
CW-1 0.5 0.1f'cAg In Plane No Yes
UW-1 0.5 0.1f'cAg Strong Axis No Yes
UW-2 0.5 0.1f'cAg Bi-Directional No Yes
UW-3 0.5 Variable Bi-Directional No Yes
Loading Reinforcement
Specimen 
ID
Shape
48 
b. Employ a rational approach to determine moment-shear ratios for the wall 
c. Satisfy the strength-based demand-capacity requirements and detailing requirement 
specified in ACI 318-05 
d. Produce a specimen that is representative of a wall in a 10-story building as defined 
by the design parameters, geometric constraints, and loading conditions 
 
All of the walls were 1/3 scale of a 10-story prototype structure which has a total height 
of 40 feet.  The cross section of the walls was considered to be broken up into boundary 
elements, or areas with a large longitudinal reinforcement ratio, and web elements with minimal 
steel in both directions.  The web regions used the ACI 318-05 minimum vertical and horizontal 
reinforcement ratio of 0.25.   
The concrete and steel properties were as follows:  The concrete had a target design 
strength of 5,000 psi (34.5 MPa). The selected concrete mix was a highly fluid self-
consolidating concrete (SCC). This was used because the reinforcement cage was extremely 
tight due to the reduced scale used in fabrication.  Standard grade 60 reinforcing bars were used 
for all primary longitudinal reinforcement.  Deformed #2 bars (0.25 inch diameter) were 
specially purchased due to the one-third scale model.  The #2 bars were used as confinement 
reinforcement and the horizontal and vertical reinforcement in the web regions of the walls.  
More details on the material properties can be found in Section 3.5. 
3.3.1 Planar Wall Specimen Design 
The four planar wall specimens were designed as follows.  First, PW1 and PW2 had the 
exact same detailing with heavy boundary elements and a splice at the foundation level.  The 
only difference between PW1 and PW2 was the type of loading.  The loading was changed such 
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that the effective height changed from 0.71 to 0.5, except due to a calibration error the actual 
effective height for PW2 was 0.525, not 0.5.  Each boundary element had 3 layers of 7 #4 bars 
for a total area of 4.2 square inches of steel, the depth of each boundary element was 20 inches, 
thus ( )4.2 6* 20 3.5%beρ = = .  The vertical and horizontal reinforcement in the web was just 
over the minimum according to ACI 318-05 of 0.25% by using 2 layers of #2 bars spaced at 6 
inches on center, or ( )2(0.05) 6 6 0.28% 0.25%web webv hρ ρ= = ⋅ = ≥ .  The details of these two 
walls can be seen in Figure 3-3. 
A lap splice was used at the base of the wall in the first three planar wall specimens, 
PW1, PW2, and PW3.  The splice was used to mimic construction practices in which bars are 
normally spliced at the foundation-wall interface.  It was hypothesized that this splice zone 
would have a significant impact on the damage and overall behavior of the specimen.  For this 
splice, all vertical reinforcing bars were fully anchored in the foundation portion of a specimen 
in which the bars extended into the wall approximately 24 inches for #4 bars and 6 inches for #2 
bars.  The bars that extend the height of the wall into the cap beam were bent slightly to remain 
at the same flexural depth after the splice zone. 
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Figure 3-3: Reinforcement details for PW1, PW2, and PW4 
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Figure 3-4: Cross section details for PW1, PW2, and PW4 
 
PW3 had a similar ratio of longitudinal reinforcement as did PW1 and PW2, but it was 
smeared evenly across the entire cross section.  However, there was confinement reinforcement 
in the boundary regions to confine the concrete in compression.  The horizontal reinforcement 
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ratio of 0.25 in the web remained the same as PW1 and PW2.  Similar to PW1 and PW2, every 
longitudinal bar had a splice at the foundation level with a lap length of 24 inches.  Details of 
the PW3 can be seen in Figure 3-5. 
 
 
Figure 3-5: Reinforcement details for PW3 
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Figure 3-6: Cross section details for PW3 
 
In the first three planar wall tests it was observed that the splice at the base of the wall 
had a significant effect on the performance and behavior of all three walls.  The fourth planar 
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wall did not have a splice and thereby served as a control specimen for this detail.  PW4 had the 
same reinforcement levels as PW1 and PW2, and this longitudinal reinforcement ran 
continuously from the foundation, through the wall, and into the cap beam.  Adequate 
anchorage was provided in the foundation and cap beam.  Details of the PW4 can be seen in 
Figure 3-3. 
Lateral shear force was introduced at the top of the first and second story levels by two 
force controlled actuators that were each connected to the wall with ten 1.5 inch diameter 
threaded rods that were evenly distributed throughout the width of the wall to simulate an 
evenly distributed shear force which would be introduced by rigid diaphragms.  The rods 
extended out 6 inches past the wall surface to provide adequate flexibility as such to eliminate 
stress concentrations and distribute the load across all ten rods. 
3.3.2 Coupled Wall Specimen Design 
The coupled wall specimen, CW1 was designed similar to the planar wall specimens.  
The design was carried out by the University of Washington research group and the external 
advisory panel.  The design was completed using the 2008 ACI Building Code and the SEAOC 
Seismic Design Manual, Vol. III (2005 ASCE-7), which is now the 2006 IBC 
Structural/Seismic Design Manual, Volume III.   
The coupled wall specimen represented the bottom three stories of the 10-story 
prototype, similar to the planar wall specimens.  It was comprised of two wall piers that were 48 
inches wide and six inches thick. The two wall piers were 13 feet tall instead of 12 feet tall like 
the planar walls because it was decided that some additional space between the cap beam and 
the top coupling beam was needed to provide a smooth transition of load into the top coupling 
beam.  There was no lap splice, and therefore the longitudinal reinforcement ran continuously 
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through the foundation, wall, and cap beam.  Adequate anchorage was provided in the 
foundation and cap beam.  Each wall pier had two boundary elements similar to the planar wall 
tests.  The boundary elements were 14 inches wide and have confinement reinforcement spaced 
every 2 inches on center.  The reinforcement detail of the coupled wall can be seen in Figure 3-7 
and Figure 3-8.  The wall piers were coupled together with heavily reinforced coupling beams. 
The coupling beams were heavily reinforced according to the ACI 318-08 code.  Each 
coupling beam had an aspect ratio of 2:1 or 24 inches long by 12 inches deep.  Heavy diagonal 
reinforcement was provided at an angle of 20 degrees to accommodate the large shear demand 
on the coupling beams.  Each diagonal was made up of four #4 bars.  The diagonal bars run 
through the adjacent boundary elements and do not have a bend.  A detail of the coupling beams 
is presented in Figure 3-9, and a photograph of one of the coupling beams is presented in Figure 
3-10.  Additionally, each coupling beam had hoops and ties spaced at 2 inches on center to 
provide adequate confinement. 
The coupled wall specimen was designed with an effective height ratio of 0.71.  From 
the shear demand on wall piers it was necessary to have much more closely spaced horizontal 
reinforcement than the planar walls.  The first floor had #2 bars spaced at 3 inches on center on 
each face, and for the second and third story the #2 bars were spaced at 6 inches on center on 
each face.  
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Figure 3-7: Reinforcement details for CW1 
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Figure 3-8: Cross section details for CW1 
 
 
58 
 
Figure 3-9: Coupling beam details for CW1 
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Figure 3-10: As-built layout of coupling beam 
 
3.3.3 C-Shape Wall Specimen Design 
The C-shape wall specimens represented half of a full core wall system, in which this 
core wall system was made up of two C-shape walls connected by coupling beams; this is a 
typical reinforced concrete core wall system.  The design was carried out by the University of 
Washington research group and then reviewed by the project’s external advisory panel.  The 
design was completed using the 2008 ACI Building Code and the SEAOC Seismic Design 
Manual, Vol. III (2005 ASCE-7), which is now the 2006 IBC Structural/Seismic Design Manual, 
Volume III.  The C-shape wall specimens, UW1, UW2, and UW3 all had the same 
reinforcement detailing.  The difference between the three tests was primarily the pattern of bi-
directional loading.  The reinforcement detailing is very similar to the planar and coupled wall 
specimens.   
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Each C-shape wall had two 48 inch flanges and a 120 inch wide web.  The walls have a 
uniform thickness of 6 inches.  The C-shape walls did not have a lap splice, but rather 
continuous reinforcement that runs through the foundation, wall, and cap beam.  Each wall had 
heavily reinforced boundary elements that were broken up into two regions, the two flange tips, 
and the two corners where the flange and web intersect.  A detail of the cross section can be 
seen in Figure 3-11. 
The minimum level of reinforcement was provided in the horizontal direction, whereby 
#2 bars were spaced at 2.25 inches on center along the entire height.  The horizontal 
reinforcement was anchored 9 inches into the boundary element.  Similarly, confinement 
reinforcing hoops were spaced at 2.25 inches on center in each boundary element.  However, for 
the corner boundary elements, it was important to note that confinement hoops were placed at 
1.125 inches on center alternating from wrapping around the 10 bars in the flange portion of the 
corner element and the 10 bars in the web portion of the boundary element.  In other words, the 
hoops were spaced at 2.25 inches in the web and flange portion of the boundary element 
individually.  The reinforcement details for UW2 and UW3 can be seen in Figure 3-11.  UW1 
has similar reinforcement but the ties with 135 degrees hooks in the flange tips were omitted. 
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Figure 3-11: Cross section details for UW2, and UW3 
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3.4 Construction of Walls 
Each wall was fabricated onsite in the Newmark Laboratory at the University of Illinois 
at Urbana-Champaign by students and lab technicians.  One wall was built at a time due to 
formwork and lab space constraints.    Each wall was built away from the testing site and then 
moved into place with a crane and jacks. 
3.4.1 Construction Sequence 
Each wall was built in three separate concrete lifts: the foundation, wall specimen, and 
cap beam.  The dimensions of the wall specimen were governed by the code previsions, desired 
failure mode, and the capacity of the loading units.  Thus the foundation and cap were a means 
of connection to the loading units and strong floor, anchorage, and development of the wall 
reinforcing bars, and space to accommodate the geometric constraints of the test setup.   
The foundation consisted of a concrete block that was used to anchor the entire test 
specimen to the strong floor and anchor the longitudinal reinforcement of the wall.  The height 
of the foundation ranged from 24-36 inches such that the longitudinal steel was fully developed.  
The foundation was constructed with a moderate amount of reinforcing steel in all three 
principal directions.  Each foundation had a top and bottom mat of reinforcing steel running in 
both the longitudinal and transverse direction, as well as vertical hooked stirrups that were 
evenly distributed throughout the foundation.  Typically, the reinforcing mat was constructed 
with #8 bars at about 6-8 inches and the stirrups were #3 bars, in plan spaced in a 12 inch by 12 
inch grid.  Additionally, 3 inch diameter PVC tubes were cast into the foundation as post 
tensioning ducts to tie down the specimen to the strong floor.  The PVC tubes were surrounded 
by a #3 spiral with a 10 inch diameter and a 4 inch pitch to better accommodate the busting 
forces that developed from large concentrated loads from the post tension rods.  A 5 by 2 grid of 
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post tension ducts were spaced on a 36 inch by 36 inch grid to line up with the holes in the 
strong floor.  A photograph of the rebar cage of the foundation can be seen in Figure 3-12, as 
well as a typical elevation of the rebar cage can be found in Figure 3-13.  The wall specimen 
was placed offset from the center of the foundation because it was desired to have the wall sit 
centered underneath the loading unit platforms, in which the location of the strong floor holes 
did not align with the center of the loading unit platforms. 
 
 
Figure 3-12: Foundation reinforcement cage 
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Figure 3-13: Typical side view elevation of foundation block (units in inches) 
 
  The foundation was cast with the same SCC mix that was designed for the walls, with 
the exception of the PW1.  The foundation of the PW1 was unintentionally cast with a much 
higher strength concrete, approximately 9,000 psi instead of 5,000 psi.  Typically, two concrete 
truck loads were needed to cast each foundation.  The concrete was typically cast directly into 
the formwork from a shoot, with an inverted cone diameter ranging between 16-22 inches.  The 
surface was scoured with 0.5 inch groves at 2 inch spacing to provide a mechanical shear key 
for the subsequent concrete life. 
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The wall was built after the foundation was cast.  To begin construction of the wall, the 
backside of the formwork was erected to help provide a vertical guide for construction.  The 
cage was erected from the bottom up in layers.  Typically, the reinforcing hoops were placed 
over the top of the longitudinal steel and then tied into position.  Wood blocks were used to 
space the different layers of reinforcement, but the total amount of reinforcement was always 
accounted for such that the spacing on average always met the design parameters. 
 
 
Figure 3-14: Planar wall reinforcing cage 
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Figure 3-14 also shows the location of the strain gauge instrumentation wire bundles, the 
two layers of steel pipe used to connect the side mounted actuators, and the two flexible tremmy 
tubes that were used to cast concrete. 
The cap was constructed after the formwork for the wall had been removed.  The cap 
was detailed and constructed similar to the foundation.  There were two mats of reinforcing 
steel with vertical stirrups.  Smaller PVC tubes were used as anchoring ducts, approximately 2 
inch diameter.  The cap was symmetric and centered about the wall unlike the foundation. 
 
 
Figure 3-15: Wall cap construction 
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3.4.2 Concrete Casting 
All three lifts in the construction of the specimen were cast with highly fluid self-
consolidating concrete (SCC).   SCC is a highly fluid, workable concrete that does not need 
manual vibration to consolidate around tight rebar cages making it ideal for the construction of 
the 1/3 scale wall specimens.  However, the rapid pour rate during construction caused large 
hydrostatic pressures to develop which needed to be accounted for in the design of the 
formwork.  It was determined that steel formwork would be a better option compared to a 
traditional wood formwork system.  Steel is much more robust than a wood system and it would 
not deteriorate over multiple uses.  Most importantly, a steel system could handle the design 
formwork pressures.  The research group decided to purchase a formwork system from EFCO 
Forms.  The system utilized heavy duty plate-girder® formwork.  Heavy duty formwork ties 
and anchorage bolts were used to stabilize and hold the forms together during casting. 
The concrete was brought into the lab in standard concrete trucks and placed with a large 
1/3 yard hopper or a concrete pumping truck.  Typically, the foundation block was cast directly 
out of the shoot, but the wall and cap were constructed by using a 1/3 yard hopper connected to 
a crane.  However, CW1, and the three C-shape walls were constructed using a concrete 
pumping truck. 
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Figure 3-16: Steel formwork for structural walls 
 
The first four planar walls were cast with flexible tremmy tubes.  The tremmy tubes 
were placed in two locations within the web near the boundary elements, which can be seen in 
Figure 3-14. The tremmy tubes were 6 inches in diameter and were attached to a concrete 
hopper affixed to the top of the wall.  Concrete was placed into a 1/3 yard hopper that was 
craned up and emptied into the hoppers attached to each tremmy tube.  
69 
It was determined that for the coupled wall and C-shape walls that the concrete would be 
pumped through rigid 3 inch diameter steel tubes.  A photograph showing the concrete pumping 
operation can be seen in Figure 3-17.  This guaranteed that the rigid pipes would not get stuck 
on the rebar cage like the flexible tremmy tube.  Also, minimal free-falling of the concrete was 
allowed since it was possible to pump under pressure keeping the tube submerged in the fresh 
concrete. 
Manual vibration was utilized infrequently to help consolidation and flow of the 
concrete into the coupling beams.  The coupling beams were by far the most congested rebar 
cage within the experimental plan.  Since the coupling beams were vital to the study of the 
coupled wall system, it was critical that concrete flowed into the beams and there was not 
honeycombing or segregation.  The research group decided that a little segregation was better 
than a large honeycomb within the coupling beam, and for this reason it was chosen to use a 
large rubber mallet on the side of the forms to help force the concrete into the beams, and flow 
around reinforcement.  It was noted during the casting of the coupled wall, the top surface of the 
third story coupling beam developed a slight air pocket despite the manual vibration.  It was 
determined that the top coupling beam did not have enough hydrostatic pressure to force out the 
air bubble.  However, the air bubble was still small and only affected the cover of the coupling 
beam.  It was patched with a low shrinkage concrete 
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Figure 3-17: Concrete pumping of UW1 
 
3.5 Material Properties 
3.5.1 Concrete Properties 
The concrete used to cast all wall specimens, including the foundation block and cap 
beam was a highly fluid self-consolidating concrete (SCC).  A highly fluid mix was desired to 
help flow and consolidate around the tight rebar cage.  The target design strength was 5,000 psi.  
This was given to help limit the capacity of the specimen such that the loading units could test 
the specimen to failure.  Also, it was desired to use a strength that was representative of 
construction field practices.  The maximum top size aggregate was limited to 3/8 inch because 
the clear cover and clear distance between rebar was as small as 0.5 inches.  It was difficult to 
obtain a low strength of 5,000 psi because more cement, flyash, and fines were added to replace 
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typical coarse aggregate.   To achieve the target concrete compressive strength, a water to 
cement ratio (w/c) of 0.50 was used.  The super plasticizer was a high-range water-reducing 
admixture, based on polycarboxylate chemistry.  A table showing the batch weights can be seen 
in Table 3-2. 
 
Table 3-2: SCC Mix Design (1 cubic yard) 
 
*100 cwt = 100 lb of cementitious weight (cement + flyash)  
 
A local ready-mix concrete supplier helped batch and test the concrete mix.  After 
adjusting mix properties to hone in on the target design strength, the flowability of the mix was 
investigated.  Mock rebar cages of the most congested area of steel were made to assess the 
flowability of the mix.  Three separate concrete trucks with two yards of concrete were shipped 
to the lab and superplastizer was added to the batch, until a target inverted cone ring diameter 
was achieved.  The three test batches had an inverted cone ring diameter of 20, 24, and 28 
inches respectively.   It was determined from the test batches that a large ring diameter around 
28 inches was needed to naturally push the concrete through the tight rebar cage without the 
Sand (FA	01) 1383 lb.
Coarse (Chips CM	16) 1340 lb.
Cement 450 lb.
Flyash 150 lb.
Water 36.7 gal.
Air Entrainment 15 oz.
WRDA 82 4	6 oz/100 cwt.*
w/c 0.50
Admixtures
Properties
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help of hydrostatic pressure or manual vibration.  A photograph of the inverted cone test on one 
of the batch tests can be seen in Figure 3-18.  While a large ring diameter was needed to 
naturally flow the concrete through the rebar cage, a ring diameter larger than 28 inches was 
susceptible to segregation.  This was noted by slight ponding within the middle of the inverted 
cone test. 
 
 
Figure 3-18: Self consolidating concrete inverted cone test 
 
Both 4 inch by 8 inch (4x8) and 6 inch by 12 inch (6x12) cylinders, as well as modulus 
of rupture (MOR) beams were cast with every wall pour.  However, only 4x8 cylinders were 
cast with foundation and cap pours.  Cylinders were cast in the same environment as the 
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specimen with wet burlap and covered with a plastic tarp.  All compressive cylinder tests were 
conducted in a Forney testing machine according to ASTM specification C39.  For PW1, 4x8 
cylinders were tested on days 1, 7, 14, 21, 28, and test day.  A representative strength 
development curve is presented in Figure 3-19.  Each data point represents the average of three 
cylinder breaks. 
 
 
Figure 3-19: Strength development curve for PW1 
 
On the first day of loading a wall specimen, 6x12 inch cylinders were tested to obtain a 
concrete strength at the time of testing, denoted in Table 3-3 as f’c, not 28-day strength.  These 
were the only material tests performed on the day of testing.  However, more detailed material 
tests were conducted after the tests to measure the stress-strain response and the tensile strength 
of the concrete.  To determine the stress-strain response of the concrete two surface strain 
gauges were attached to three 4x8 cylinders for each wall and tested in compression.  Figures of 
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this data for each wall can be found on NEEShub at www.NEES.org, but for completeness one 
test is shown in Figure 3-20.  NEEShub and the data repository are described in some detail in 
Section 4.9. 
 
 
Figure 3-20: Typical compressive stress-strain response for concrete used to cast walls 
 
In addition to the compressive stress-strain response, the flexural strength of the 
concrete was measured by conducting modulus of rupture (MOR), 4-point bending tests in a 
standard Forney testing machine according the ASTM specification C78-08.  The average of 
three breaks was used to calculate the approximate tensile strength of the concrete denoted in 
Table 3-3 as ft.  A calculated value of the modulus of elasticity (Ec) is also included in Table 3-3. 
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Table 3-3: Summary of Concrete Properties 
 
* Day of testing strength 
** '57,000 cf  
*** 2t
PLf
bd
=
 from MOR beam breaks
 
 
3.5.2 Steel Properties 
The primary longitudinal reinforcement used to construct the planar and coupled walls 
was standard #4 grade 60 (ASTM A615) deformed bars.  It was not possible to build all test 
specimens with the same batch of steel to ensure that all test specimens had the same steel 
properties.  PW1 and PW2 were built with the same batch of steel, but PW3, PW4, and CW1 
were constructed with different batches.  The three C-shape walls were all constructed using the 
same standard #4 grade 60 (ASTM A706) deformed bars. ASTM A706 deformed bar is widely 
used in seismic zones on the west coast and must meet a minimum and maximum yield stress as 
well as an ultimate stress criteria, whereas ASTM A615 reinforcement is more common in non-
seismic zones and only specifies a minimum yield stress. 
Standard tension tests were performed on each batch of steel to determine the as built 
properties of the steel.  Tension tests were conducted in a MTS uniaxial testing frame with 
hydraulic grips.  A calibrated extensometer with a 4 inch or 8 inch gauge length was clamped 
onto the side of each specimen to measure strain in the bars, up to yield and to failure 
respectively.  Only if the specimen ruptured within the gauge length was the measurement 
f'c * ε'c Ec ** ft ***
psi in/in*10
-3 ksi psi
PW1 5231 2.27 4123 1030
PW2 5843 2.51 4357 1065
PW3 4980 2.85 4022 1016
PW4 4272 2.07 3726 878
Specimen 
ID
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considered valid.  A table summarizing the results of each parameter can be seen in Table 3-4, 
where Fy is the measured yield stress, εy is the measured yield strain, εh is the measured strain at 
the onset of strain hardening, Fu is the ultimate stress, and εu is the strain at ultimate stress. The 
measured stress-strain response of the #4 bar used to construct the wall specimens can be seen 
in Figure 3-21.   The large variation in the steel properties was unintentional.   
 
 
Figure 3-21: Stress-strain plot of #4 rebar for all walls 
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Table 3-4: Summary of Steel Properties 
 
 
While the longitudinal reinforcement was standard #4 bars, due to constructing a 1/3 
scale specimen, it was determined that 0.25 inch diameter bars or “#2 bar” were needed.  Using 
a larger #3 bar was not an option due to geometry, spacing, and bending constraints. 
3.5.3 Development of #2 Bars 
Deformed 1/4 inch diameter reinforcement (#2 bar) is not common construction 
materials, and is not produced by any local steel fabricator.  It is typical for researchers to use 
smooth bar stock when constructing small-scale specimens.  While this type of bar has the 
correct net area, it does not have deformations as typical reinforcing steel does and it usually 
does not have the same steel properties.  Usually, round bar stock has a cold rolled response 
without a defined yield plateau and low ductility common in hot-rolled reinforcing steel.   
Fy ε y ε h Fu ε u
ksi % % ksi %
Wall ID Bar Size
PW-1  
PW-2
PW-3
CW-1
UW-1   
UW-2   
UW-3
#4 84.0 0.29
67.0 0.23
64.0
PW-4
0.22
100.8 12.5
51.0 0.18 1.20 77.9 20.5
1.75
1.17 91.3 17.2
#4
#4
#4
#4
109.5 13.4
66.0 0.23 0.78 106.4 14.9
0.74
11.6All Walls #2 77.0 0.27 2.3 85.9
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The research team for the NEESR wall project decided that it would be beneficial to use 
deformed #2 bar and to heat treat the steel to give it a hot-rolled response.  The #2 deformed bar 
was purchased in a large round spool that was fed through a special machine that stamped on 
external deformations in a helical pattern.  The deformation pattern that was stamped on the bar 
was comparable to conventional reinforcing steel such that it had a similar relative rib area 
defined as: 
 
r
projected rib area normal to bar axis
R
nominal bar perimeter center to center rib spacing− −
=
×
 3-2 
 
   
Figure 3-22: Stress-strain curve of heat treated #2 bar 
 
Then the bars were cut to 15 foot straight lengths, bundled and shipped to a special heat 
treating facility.  The 15 foot lengths were the maximum length that the oven at the heat 
treatment facility could accommodate.  Several test batches at different heats and length of time 
was conducted to determine what the main shipment should be heated to.  It was determined 
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through test batching that 1024 degrees for one hour was sufficient to obtain the results shown 
in Figure 3-22.   
 
3.6 Test Setup 
3.6.1 Description of Test Setup 
The test setup is part of the MUST-SIM facility at the University of Illinois at Urbana-
Champaign.  The test specimens sit along the long leg of the L-shape strong wall that is 5 feet 
thick and heavily reinforced and post tensioned.  The in-plane direction of the wall specimen 
runs parallel with the long leg of the strong wall which is in the East-West direction of the lab.  
This sign convention has been adopted for all the tests such that damage and direction of 
loading can be expressed as the east boundary element and the moving east direction of loading.  
A figure denoting the orientation of the lab can be seen in Figure 3-23. 
 
 
Figure 3-23: Lab orientation 
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The walls were strong enough in their in-plane direction that two LBCBs were needed to 
test the walls to failure.  The LBCBs are described in detail in Section 3.7.2.  Each LBCB was 
mounted to the strong wall with 36 high strength 1.5 inch diameter threaded rods.  The threaded 
rods are post tensioned with a double acting center hole jack to 100 kips for a total tie down 
force of 3,600 kips.  This tie down force guarantees that the boxes would not slip during loading.  
To further prevent the boxes from moving upward under extreme downward force, simple shear 
keys were installed at the top of the LBCBs.  External sensors were used to measure slip, and no 
significant movements were observed. 
Two side mounted actuators were used to impose lateral force at the second and third 
stories for PW2, PW3, and PW4.  Two 100 kip double acting servo controlled hydraulic 
actuators were used to impose these forces.  These two actuators were controlled with separate 
Instron controllers in force control utilizing a proportional, integral and derivative (PID) control 
loop.  PW1, CW1, UW1, UW2, and UW3 did not utilize side mounted actuators. 
Instrumentation reference columns were placed around the specimen to mount 
instruments and high-resolution cameras.  Two camera reference columns were placed in front 
of the wall specimen to mount six cameras for PW1, PW2, PW3, and PW4.  These two camera 
columns can be seen in Figure 3-1.  Also a reference column was placed on the west side of the 
specimen to affix instruments to measure absolute displacements.  A reference stand was 
needed to mount the Nikon Metrology K-Series Optical Coordinate Measurement Machine 
(CMM) system to maximize the field-of-view of the system.  This technology was formerly 
own by the Krypton company and later the Metris company before being acquired by Nikon 
Metrology.  This system is described in some detail in Section 3.8.3. 
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3.6.2 Placement of Wall  
The wall was cast away from the testing site and moved into place at the time of testing.  
A special lifting rig was fabricated to help lift the approximate 27-31 ton specimens.  A picture 
of the lift can be seen in Figure 3-24.  It was not possible to move the specimen into its final 
resting location with the crane since the LBCBs were already attached to the strong wall, so the 
specimen was pushed into its final resting place with standard double acting jacks reacting 
against shear keys in the strong floor. 
 
 
Figure 3-24: Moving planar wall into testing location 
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3.6.3 Description of Connection Details 
Connection to Strong Floor 
The foundation anchored the entire specimen to the strong floor with ten heavy duty post 
tensioning rods.  The post tensioning rods were high-strength steel, 100 ksi yield strength, and 
were 2 inches in diameter.  Each post tensioning rod was stretched to a force of approximately 
100 kips for a total tie down force of 1,000 kips.  This was done to ensure that the design shear 
force imposed on the wall would not cause the entire specimen to slide across the floor.  Prior to 
stretching to the bolts, low shrinkage, high strength gypsum cement was placed underneath the 
wall to provide a smooth uniform area for the wall to sit on.    
Loading Beam Connection 
 The loading beam or connection beam was defined as the beam that connects the 
concrete cap to the LBCBs.  In the case of the planar walls and the C-shape walls, it also rigidly 
connected the two LBCBs together.  In the case of the coupled wall, the LBCBs are used to 
control each wall pier separately such that the two boxes were not rigidly connected together, 
yet a loading beam is still necessary to connect the concrete cap to each LBCB.  The beam was 
designed to remain elastic and evenly distribute the load from each LBCB such that any 
“fighting” between the boxes would be absorbed by the loading beam.  The connection beam 
was a heavy duty W14x132 steel section, with 1 inch thick web stiffeners placed at 12 inches on 
center.  The beam was directly connected to the LBCBs with 1 inch high strength socket head 
cap screws placed at 6 inches on center on either side of the beam.  A total of 40 bolts were used 
to make this connection, or 20 in each LBCB for the planar walls and coupled wall tests. 
 The C-shape wall tests utilized a similar connection, additional loading beams were 
connected to the flanges of the concrete cap beam.  The connection beams for the C-shape wall 
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were W14x211 steel sections, with 1 inch thick web stiffeners at 24 inches on center.  This 
beam was used because the LBCBs were spaced farther apart for the C-shape wall tests and this 
section was available in the lab.  The beam was directly connected to the LBCBs with 1 inch 
high strength socket head cap screws placed at 6 inches on center on either side of the beam.  A 
total of 60 bolts were used to make this connection, or 30 in each LBCB.  Additional short 
W14x211 steel sections were used to connect the flange portion of the wall cap to the LBCBs.   
These loading beams had 1 inch web stiffeners spaced at 24 inches on center and were 
connected to each LBCB with 12 bolts. 
 The loading beam was not wide enough to clamp onto either side of the wall cap, 
therefore a 26 inch wide loading plate was attached to the loading beam.  The loading plate was 
a 2 inch thick plate of A36 steel.  It was connected to the loading beam with 1 inch diameter 
high strength hex head cap screws that were countersunk 0.75 inches.  The same number of 
bolts used to connect the loading beam to the LBCBs was used to connect the loading beam to 
the loading plate.   
Cap Connection 
 For the case of the planar walls, first the loading plate was attached to the loading beam 
and then this unit as a whole was attached to the LBCB platens.  Then, the LBCB platforms 
were completely retracted while the specimen was slid underneath the loading units using 
standard double acting jacks reacting against shear keys in the strong floor.  Once the specimen 
was in the correct place on the strong floor and anchored to the strong floor with post tension 
rods, the connection beam was lowered onto the concrete cap that had a 0.5 to 1.0 inch thick 
layer of wet low shrinkage gypsum cement or grout on its surface. This was used to provide a 
smooth bearing surface between the loading plate and the concrete cap.  Once the grout or 
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gypsum cement cured, high strength 1.5 inch diameter post tension rods were torqued onto the 
cap.  Thick 1 inch washers were used to transfer the load across the 2 inch diameter PVC ducts.   
During the connection process, concrete surface strain gauges were used to monitor the 
response of the wall.  In all cases there was no significant external load introduced into the 
specimen during the connection. 
Side Mounted Actuators 
 The side mounted actuators were the last piece of loading equipment to be installed.  An 
extensive analytical investigation was undertaken to determine the appropriate way to connect 
the side mounted actuators at the second and third story levels in which the desired load 
distribution from a floor slab would be introduced.  Three scenarios were investigated: 1) the 
actuators were attached to one side of the wall 2) the actuators were attached to cast-in-place 
floor slab wings 3) the actuators were attached a multiple spots across the width of the wall.  
The first scenario was not representative of the actual load path because the load formed a 
concrete strut and was highly concentrated at the point of loading.  The second scenario was the 
most representative, however it was considerably more expensive to build and much more 
complex to construct.  It would have been necessary to build the wall in three floor lifts if this 
option were chosen, and it was deemed better to cast the entire wall as one monolithic pour so 
this scenario was abandoned.  The third scenario was the best alternative as it was relatively 
cheap and the stress distribution matched the desired loading distribution.  The design called for 
ten 1.5 inch diameter high strength threaded rods that were clamped onto either side of the wall 
by rigid arms.  The load was transferred from the rigid arms to the actuators with a stiff hollow 
steel section (HSS).  A six inch space between the wall surface and the rigid loading arms was 
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used to allow the threaded rods to deform such that there was an even distribution of force 
across all ten threaded rods.   
 
3.7 Load Control 
3.7.1 MUST-SIM Facility at UIUC Overview 
The University of Illinois at Urbana-Champaign Multi-Axial Full-Scale Sub-Structured 
Testing and Simulations Facility (MUST-SIM) is part of the national Network for Earthquake 
Engineering Simulation (NEES) program.  The MUST-SIM facility has three large versatile six 
degree-of-freedom loading units called, Load-and-Boundary-Condition Boxes (LBCBs), which 
can be mounted in several orientations on the strong wall or floor.   The strong floor is a L-
shape post-tensioned concrete wall measuring 50 feet by 30 feet by 5 feet (length x width x 
height x thickness).  The strong wall is post-tensioned to a 17 feet deep box-girder on grade, 
also referred to as the strong floor.  The LBCBs, strong floor, and strong wall can be seen in 
Figure 3-25. 
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Figure 3-25: MUST-SIM facility at the University of Illinois at Urbana-Champaign 
    
 In addition to the large-scale facility, the MUST-SIM facility has a small-scale facility 
that has a 1/5 scale reaction structure with three 1/5 scale LBCBs.  The small-scale facility 
provides researchers the opportunity to conduct pre-test verifications with various load and 
displacement scenarios. The small-scale laboratory is essential to the operation of the large-
scale facility in that it allows users to understand the capabilities and limitations of the 
laboratory and the control systems prior to conducting experiments using the large-scale facility. 
The MUST-SIM facility is capable of conducting hybrid simulation tests, whereby 
displacement demands are computed by analytical tools and are updated with feedback from 
experimental data.  Hybrid simulation coupled with six degree-of-freedom loading units allows 
the facility to conduct versatile component testing where the structural component of interest is 
tested experimentally and the remainder of the structure is modeled analytically. 
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3.7.2 Description of LBCBs 
The LBCBs are large loading units in which the loading platform (shown in orange in 
Figure 3-26) is a loading and boundary conditions point where any combination of six actions 
(three forces and three moments) and six movements (three rotations and three translations) 
may be controlled.  Each LBCB weighs 35 tons and can be attached at the bottom (on the strong 
floor), or on the side (on the reaction wall).  The unit itself is a self-contained system whereby 
the six actuators react within its own reaction frame, shown in blue in Figure 3-26.  Figure 3-26 
also shows the naming convention of the six actuators.  The six actuators are labeled X1, X2, 
Y1, Z1, Z2, and Z3 which correspond to the global coordinate space of the LBCB as a whole.   
 
 
Figure 3-26: LBCB and actuator naming convention 
 
Each individual actuator has a capacity of 225 kips in tension and 311 kips in 
compression.  The overall dimensions of the reaction box are approximately 11.8 feet long, 6 
feet wide and 6 feet high. The loading platform is approximately 7.2 feet long and 6.2 feet wide. 
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While every actuator moves and contributes to each single degree-of-freedom, the majority of 
each force and displacement limit is controlled by the actuators in the principal direction.  The 
three vertical actuators (Z1, Z2, and Z3) are primarily used to control the z, θx (roll) and θy 
(pitch) position of the loading platform. Each of these actuators is anchored to the base of the 
reaction box and attached to the underside of the loading platform. Two horizontal actuators 
(X1 and X2) are attached to the end of the reaction box and primarily control the x and θz (yaw) 
position of the loading platform. One additional horizontal actuator (Y1) is used to control the 
y-direction position of the loading platform.  The capacity and displacement limits of the six 
degrees-of-freedom can be seen in Table 3-5.  Pillow Block Spherical Bearings have been 
selected so that the motion of the loading platform is not unduly restricted in any of the six 
degrees of motion. 
 
Table 3-5: Generalized LBCB Capacity and Displacement Limits 
 
 
3.7.3 Load Control Software 
The MUST-SIM facility uses four separate software programs to control an experiment 
which makes the control architecture complex yet extremely flexible and comprehensive.  The 
architecture can be thought of as a top-down hierarchal chain of steps, substeps, commands, and 
checks all looped over one another.  The four programs are called Simulation Coordinator 
Loading DOF Force Capacity Stroke
X-Translation 430/660 kips (T/C) ± 10 in.
Y-Translation 215/330 kips (T/C) ± 5 in.
Z-Translation 645/980 kips (T/C) ± 5 in.
X-Rotation 7600 kip-in ± 16°
Y-Rotation 10000 kip-in ± 11.8°
Z-Rotation 7600 kip-in ± 16°
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(SimCor), LBCB Plugin, Operations Manager (OM), and the Shore Western control software.  
While these are the four software packages directly related to the control of the LBCBs, other 
software is utilized during the experiment to measure and record data, take pictures, and share 
this data with offsite researchers and collaborators.  These other programs which will be 
discussed later in this document are the data and acquisition software (NEESdaq), camera 
plugin, Nikon Metrology K-Series Optical CMM (Krypton) plugin, Data Turbine, Remote Data 
Viewer (RDV), and NEES Central.  The entire software architecture can be seen in Figure 3-27. 
 
 
Figure 3-27: MUST-SIM software architecture 
 
SimCor is the main program that coordinates the entire experiment.  The program was 
developed at the University of Illinois at Urbana-Champaign in Matlab.  The user inputs a 
desired loading protocol into SimCor and it divides it up into loading steps, sometimes referred 
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to as SimCor steps.  The main function of this program is to communicate with all the other 
computers and software packages by sending triggers and messages at the start and/or 
completion of each loading step.  A screen shot of this software package can be seen in Figure 
3-28. 
 
 
Figure 3-28: SimCor screen shot 
     
The primary function of SimCor within the control architecture is to pass displacement 
targets to the LBCB Plugin. The displacement targets can be predetermined from a loading 
protocol, or the displacements can come from hybrid simulation force feedback.  The LBCB 
Plugin is another Matlab program that was developed at the University of Illinois at Urbana-
Champaign.  It is a project specific program that has user defined information about the test 
structure.  It breaks a SimCor step into manageable substeps that fit within a desired substep 
tolerance.  For example, a SimCor step may be a tenth of an inch of lateral displacement.  It 
would not be wise to move a concrete specimen abruptly a tenth of an inch, therefore the LBCB 
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Plugin will divide the tenth of an inch into manageable substep increments such as 0.01 inches, 
or whatever is acceptable to the researchers.  The LBCB Plugin manages user defined 
displacement and rotation tolerances, as well as force control tolerances and calculations.  In the 
case of the wall project, a desired axial load of '0.1 c gf A was targeted and a tolerance of +/- five 
kips was specified within the LBCB Plugin.  If this tolerance is not met, the Plugin will 
continually update the commands it sends to the Operations Manager until it converges on the 
tolerance or the user can increase the tolerance to force the program to move onto the next step.  
Once the LBCB Plugin has converged upon the desired movement it sends a message back to 
SimCor which then signals the completion of a loading step.  Then SimCor sends a message to 
the data acquisition software to take a series of measurements to record the response of the 
loading step.  A screen shot of the LBCB Plugin and Operation Manager can be seen in Figure 
3-29 and Figure 3-30 respectively. 
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Figure 3-29: LBCB Plugin screen shot 
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Figure 3-30: Operation Manager screen shot 
 
The Operation Manager is a LabView based program developed at the University of 
Illinois at Urbana-Champaign.  It is continuously receiving displacement, rotation, and force 
targets from the LBCB Plugin and directly communicates with the Shore Western software, 
hardware and servo valves to physically move the actuators.   The LBCB Plugin is used to send 
substep commands to the Operations Manager, then the Operation Manager executes the 
commands and sends back the measured displacement and force readings from the system 
which the LBCB Plugin then checks against user defined tolerances before proceeding to the 
next substep.   
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The Operations Manager is continuously communicating with the Shore Western control 
software.  The Shore Western control software sits on an independent computer that houses the 
control hardware used to send voltages to the actual servo valves to move the LBCBs.  The 
Shore Western software does nothing more than relay the commands from the Operations 
Manager.  A screen shot of this program can be seen in Figure 3-31. 
 
 
Figure 3-31: Shore Western control software screen shot 
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MixedMode Control 
An important feature within the MUST-SIM control software is the ability to control any 
degree-of-freedom in either displacement control or force control called mixed-mode control.  
Displacement control is straight forward in that the actuators are moved precisely according to 
the command input voltage.  However, this is not the case for force control.  To impose a 
desired force on a structure, it is necessary to know the stiffness of the structure.  This is an ever 
complicated value to calculate in all degrees-of-freedom while a structure undergoes nonlinear 
damage and deterioration.  The Operations Manager overcomes this challenge by continuously 
updating the Jacobian stiffness matrix with every displacement command it receives.  This type 
of force control is referred to as a discrete iterative control loop, rather than traditional 
proportional integral, and derivative (PID) force control algorithms. 
Elastic Deformations Correction 
Another unique feature within the control software loop is the ability to correct for 
elastic deformations (ED).  Elastic deformations are defined as the elastic movement of the 
system outside of the test structure.  In other words, the entire systems deforms as load is 
applied to a structure, not just the structure.  For example, the LBCBs blue reaction box deforms 
as load is applied to a structure, as well as the strong floor, and any connection device used to 
transfer load to a specimen.  This unwanted movement needs to be compensated for.  To 
account for elastic deformations, external instruments are used to monitor the absolute 
movement of the test structure and this information is fed into the LBCB Plugin and an ED 
correction step is executed at the completion of each LBCB Plugin step.  It is up to the 
researcher to decide which elastic deformation degrees-of-freedom should be accounted for.  
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Furthermore, it may be the case that an ED correction step is not needed provided tolerances 
from the external instruments are met. 
3.7.4 Load Control for Planar Walls 
The planar walls were tested under combined loading of axial load (Fz), horizontal in-
plane shear (Fx), and in-plane moment (My).  In other words, only the in-plane degrees-of-
freedom were active, but the out-of-plane degrees-of-freedom were maintained at zero.  The 
loading protocol was reverse cyclic with increasing displacement levels.  The displacement 
levels corresponded to the lateral horizontal shear displacement at the top of the wall.  This 
degree-of-freedom was controlled in displacement control, while the two other active in-plane 
degrees-of-freedom (Fz, My) were controlled in force control.  For lower displacement levels, 
three complete cycles were performed and for displacement levels equal to 1.0 % drift and 
larger, only two cycles were executed. The entire planned loading protocol can be seen in 
Figure 3-33 and Table 3-6. 
Even though the loading on the planar walls was a traditional distributed load along the 
height of the 10-story prototype model, it was quite difficult to accurately impose this type of 
load at the top floor of a 1/3 scale test specimen.  This was one of the fundamental 
achievements of this research project.  The capacity of the planar wall was large enough that 
two LBCBs were needed to test the wall to failure.  However, both LBCBs need to be 
controlled about a common point at the top of the wall, which was a very difficult problem to 
overcome for the research group.   
In addition to the two LBCBs, two side mounted double acting servo controlled 
hydraulic actuators were used to impose the horizontal shear at the first and second story level.  
These actuators can be seen in Figure 3-32 on the right behind the red reference column.  The 
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bottom or first story actuator is V1 and the top or second story actuator is V2.  The side mounted 
actuators were used for PW2, PW3, and PW4, but were not included in PW1.  They were not 
used for PW1 because of the low shear value corresponding to the higher effective height ratio 
in this test.  Each actuator was controlled in force control by using an individual Instron 
controller.  The input voltage came directly from the Operation Manager and was slaved off of 
the horizontal shear force at the top of the wall (Fx or Vtop) according to the following 
relationship: 
 ( )1,2 1,2top topV f V k V= =  3-3 
For PW3 and PW4 it was desired to use an effective height of 0.50h which yielded 
1,2
1
8 top
V V=  and a moment to shear ratio of 138 inches.  However, due to a calibration error, 
for PW2,  
1,2
1
12 top
V V=  and a moment to shear ratio of 138 inches, but it changed the effective 
height to 0.525h.  Despite the fact that side mounted actuators were not used for PW1, the 
effective height for PW1 was 0.71h or a moment to shear ratio of 196.8 inches. 
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Figure 3-32: Loading of planar walls 
 
The static pushover load distribution applied to the 10-story prototype structure was 
derived from ASCE 7-02 earthquake loading.   The lateral load applied to the 10-story prototype 
structure was introduced at each floor level through the floor slabs.  Since the test structure is 
the bottom three stories of the 10-story prototype structure, the forces induced at the upper story 
levels culminate to an overturning moment as well as a horizontal shear force that is applied at 
the top of the specimen.  In addition, the gravity load was held constant at '0.1 c gf A .   
One of the primary variables being tested in the planar wall experiments was the 
moment to shear ratio, or the ratio of moment and shear applied at the top of the wall.  The 
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moment to shear ratio was dependent on the effective height of the distributed load which can 
be seen in Figure 32.  The moment to shear ratio is defined as: 
 /
Top
M V
Top
M
k
V
=  3-4 
 
Table 36: Loading Protocol for Planar Wall Tests 
 
 
 
Figure 333: Loading protocol for planar wall tests 
 
Peak Drift Level
Peak 
Displacement
Number of 
Cycles
Precrack (∆cr/2) = 0.014% 0.02 in 3
Crack (∆cr) = 0.028% 0.04 in 3
∆y  / 2 = 0.139% 0.20 in 3
∆y  *3/4 = 0.208% 0.30 in 3
∆y  *5/4 = 0.347% 0.50 in 3
0.50% 0.72 in 3
0.75% 1.08 in 3
1.00% 1.44 in 2
1.50% 2.16 in 2
2.00% 2.88 in 2
3.00% 4.32 in 2
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3.7.5 Load Control for Coupled Wall 
The load control for the coupled wall (CW1) was much more complicated than the 
planar wall tests.  The planar wall tests used two LBCBs to control six degrees-of-freedom at 
the top of the wall (3 active in-plane degrees-of-freedom and 3 inactive out-of-plane degrees-of-
freedom).  However, the coupled wall was essentially two independent walls piers that needed 
to be controlled separately.  Thus, two LBCBs were used to control a total of 12 degrees-of-
freedom or 6 at the top of each wall pier.  Similar to the planar wall tests, of the 6 degrees-of-
freedom at the top of each wall pier, the 3 in-plane degrees-of-freedom were actively controlled, 
while the other 3 out-of-plane degrees-of-freedom were controlled to zero throughout the 
loading history.  The labeling scheme for the two wall piers were defined as wall pier one (West 
pier) and wall pier two (East pier). The active in-plane degrees-of-freedom were ∆x1, ∆z1, θy1, 
∆x2, ∆z2, and θy2, corresponding to Fx1, Fz1, My1, Fx2, Fz2, and My2, while all other degrees-of-
freedom were controlled to be zero.  Thus, six equations were needed to define how each active 
degree-of-freedom is controlled. 
The first equation defines the axial load on the walls, similar to the planar wall tests.  It 
was controlled in force control and defined by the following relationship: 
 '
1 2 0.1z z c gF F f A+ =  3-5 
Second, the cumulative overturning moment was defined similar to the planar wall tests.  
This was controlled in force control by performing opposing vertical displacements in each wall 
pier, which is defined as: 
 ( ), 1 2y total eff x xM k F F= +  3-6 
Where keff was a factor determined by the effective height.  For the coupled wall tests, 
the effective height is 0.71.   
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Next, an extensive analytical FEM study was conducted to determine the remaining 
relationships between the active degrees-of-freedom.  The relationships were developed by 
comparing an analytical model of the 10-story prototype and a three story wall specimen.  Both 
models can be seen in Figure 3-34. 
 
    
(a)                                                     (b) 
Figure 3-34: Analytical model (a) 10-story prototype model (b) 3-story specimen model 
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The 10-story prototype model was modeled with the desired ASCE 7-02 earthquake 
loading distribution, which was very similar to the PW1 test, with an effective height of 0.71h.  
The force distribution was iteratively updated to achieve reverse cyclic loading up to 0.50% 
drift before convergence of the model broke down.  The three story specimen model was loaded 
similar to how the LBCBs can apply load to the structure by displacement controlling the top 
row of nodes on each wall pier.  
  
 
Figure 3-35: Global comparison of prototype structure to specimen model 
 
Figure 3-35 shows the global response of both models, which seem to correlate very 
well.  This means that the method of applying load to the specimen model was capturing the 
behavior of the 10-story prototype model.  By comparing the nodes and internal forces at the 
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top of the third story for both models, the following other relationships were developed to 
complete the set of six equations: 
 ( )1 2 2x x x∆ = ∆ + ∆  3-7 
 ( )2 1 ,x x x totF F f F− =  3-8 
 
1 1y xnθ = ∆  3-9 
 
2 2y xnθ = ∆  3-10 
The 10-story model did not support the hypothesis that the lateral displacements at the 
top of each wall pier would be equal such that
1 2x x∆ = ∆ .  Rather, it was suggested that the 
compression wall pier moves further laterally because it takes more of the shear demand while 
the tension pier does not displace laterally as much.  If the displacements of the two piers were 
locked together, this would introduce a large axial compressive force in the top coupling beam 
that was not realistic or representative of the 10-story model.  This led to Equation 3-8, which 
limits the differential shear force at the top of each wall pier as most of the differential force 
would find its way into the top coupling beam.   The differential force was a function of the 
total shear load and had an appropriate tolerance depending on the displacement level.  Further, 
the average displacement at the top of each wall pier (Equation 3-7)  was used instead of relying 
on a single wall pier displacement (compression or tension pier).  Correlating the displacement 
of the compression pier to the tension pier was not wise because the relationship was nonlinear 
in which it would have to be updated at each cycle and with each displacement level, in which 
unwanted axial load could be introduced into the top coupling beam.  
Finally, the 10-story model indicated that a simple linear relationship exists between the 
rotation and displacement at the top of each wall.  Equation 3-9 and Equation 3-10 were derived 
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from comparing the rotation across the top of each wall pier at the third story level in the 10
story prototype model with the individual displacement of each pier.  This relationship can be 
seen in Figure 336, where n as defined in Equation 39 and Equation 310 is equal to 7.83x10
3
 
rad/in. 
The loading protocol was the same as the planar wall tests as shown in Figure 333 and 
Table 36, where the displacement levels correspond to the average displacement of the both 
wall piers according to Equation 37, with the exception of smaller displacement levels to 
capture elastic response before cracking. 
 
 
Figure 336: Displacementrotation relationship for CW1 wall piers 
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3.8 Instrumentation 
3.8.1 Instrumentation Overview 
One of the unique features of the NEESR wall project was the extensive instrumentation 
plan to capture dense displacement and strain field data to help develop nonlinear models.  Each 
wall was heavily instrumented with traditional instruments such as strain gauges, linear variable 
differential transducers (LVDTs), string potentiometers, as well as advanced instrumentation 
such as non-contact global measurement machines called the Nikon Metrology K-Series Optical 
CMM system, and high-resolution photographs used with photogrammetric techniques.  
Instrumentation layouts and instrument channel metadata can be found in Appendix A for all 
planar and coupled wall tests. 
3.8.2 Traditional Instruments 
LBCBs 
 Each LBCB was monitored in actuator space through individual load cells and LVDTs 
(LBCB-1 and LBCB-2: X1, X2, Y1, Z1, Z2, and Z3).  Through the use of actuator pin locations 
and vector arithmetic, the summation of all the actuator forces create global coordinate space 
forces and moments corresponding to each LBCB individually about the control point (LBCB-1 
and LBCB-2: ∆x, Fx, θx, Mx, ∆y, Fy, θy, My, ∆z, Fz, θz, and Mz), or both LBCBs combined in the 
case of the planar wall tests and the C-shape wall tests (LBCB-1 + LBCB-2: ∆x, Fx, θx, Mx, ∆y, 
Fy, θy, My, ∆z, Fz, θz, and Mz).  Excluding command voltages and displacements, a total of 60 
channels of load and displacement measurements come directly from the LBCBs Operation 
Manager. 
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Strain gauges 
Each wall was heavily instrumented with quarter bridge strain gauges on reinforcing 
bars and the concrete surface.  Reinforcing bars were instrumented with Texas Measurements 
Inc. (TML) high-elongation strain gauges, YEFLA-5-5LT.  Large gauge length strain gauges 
were affixed to the concrete surface to measure strain on the concrete surface.  These gauges 
also came from TML and were PFL-30-11-5LT.  A typical layout of the strain gauges on 
reinforcing bars can be seen in Figure 3-37 and strain gauges affixed to the concrete surface in 
Figure 3-38. 
 
 
Figure 3-37: Typical instrumentation layout of strain gauges on reinforcing bars 
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Figure 3-38: Typical instrumentation layout of concrete surface gauges 
 
Relative measurements 
On the back side of the wall (North face), a grid of linear potentiometers were used to 
measure relative displacement across large gauge lengths, to collect average strain data.  Gauges 
with a 1, 2, or 6 inch gauge stroke were used depending upon predicted damage and gauge 
length.  Gauges were oriented primarily in the vertical and diagonal directions.  The gauges 
were mounted to a threaded post that was anchored into the wall with an embedded threaded rod 
that was cast in the concrete.  A ball joint at each end of the instrument accommodated minor 
rotations, and aluminum tubing was used to limit unwanted buckling of the measurements. The 
measurements were broken into horizontal regions such as the east and west boundary element, 
and the web region.  Similar, in the vertical direction the wall was broken up into the three story 
levels.  A similar layout was used for the coupled wall, in particular the coupling beams, and the 
C-shape wall flanges.  The gauges were from Celesco and were either the CLP and MLP model.  
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All of these instruments used direct current (DC) voltage.  A typical layout of the relative 
measurements can be seen in Figure 3-39.  A denser grid of instruments was used on the third 
story as the field-of-view of the Nikon Metrology K-Series Optical CMM system could not 
extend the full height of the wall. 
 
 
Figure 3-39: Typical instrumentation layout of relative measurements 
 
Absolute measurements 
 A series of absolute measurements were made using either LVDTs or string 
potentiometers.  Two types of string potentiometers were used, which are referred to as standard 
tension and high tension string potentiometers.  All the string potentiometers were 
manufactured by Celesco.  All standard tension string potentiometers were the model PT1A, 
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and the high tension string potentiometer were either model PT101 or PT8101.  High tension 
string potentiometers were used to perform elastic deformation calculations due to their high 
accuracy over a large stroke length.  String potentiometers were also used to measure absolute 
displacement of the west side of the specimen for the case of the planar wall tests and both wall 
piers for the coupled wall test.  LVDTs were used to measure absolute slip and rotation of the 
foundation block.  These instruments were provided by the TransTek group.  A typical 
instrumentation layout of the absolute measurements can be seen in Figure 3-40. 
 
 
Figure 3-40: Typical instrumentation layout of absolute measurements 
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3.8.3 Advanced Instrumentation 
Nikon Metrology KSeries Optical CMM system 
Opposite the grid of linear potentiometers on the south face of the specimen, a non-
contact measurement system called Nikon Metrology K-Series Optical CMM was used to take 
displacement field measurements of a dense grid of light-emitting diodes (LEDs).  Each LED 
was hot glued to the surface of the concrete which emitted infrared light that was picked up by 
three linear charge-coupled devices (CCD) cameras, in which the location of the LED in 3D 
space was triangulated.  Thus, for each LED, a measurement of X, Y, and Z displacement can 
be made.  Each LED can resemble a node in a finite element model, and the same type data 
from a FEM model such as principal tension, compression, and shear strains, can be derived 
from the Nikon Metrology data.  The Nikon Metrology data was also useful for obtaining strain 
distributions and absolute displacement measurements.  One can argue that traditional 
instruments are obsolete with the ease and power of a non-contact measurement system like 
Nikon Metrology K-Series Optical CMM.  The Nikon Metrology camera and data acquisition 
system can be seen in Figure 3-42.  A typical layout of the LEDs can be seen in Figure 3-41, 
noting that they only cover the lower two stories of the three story specimen. 
 For the planar wall tests the Nikon Metrology system was a standalone system that took 
continuous data at 1 Hz depending on the total number of LEDs.  The data was manually post 
processed and averaged over 5 seconds to obtain step data.  However, for subsequent tests, a 
Matlab script was developed to receive trigger messages from SimCor to take a short sample of 
data and averaged as step data.  
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Figure 3-41: Typical instrumentation layout of Nikon Metrology K-Series Optical CMM LEDs 
with labels 
 
 
Figure 3-42: Nikon Metrology K-Series Optical CMM (Formerly Krypton) non-contract 
measurement system 
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Highresolution cameras 
 Another unique advanced instrumentation system that was utilized by the NEESR wall 
project was the use of high-resolution cameras.  Nikon D80 and D90 12.1 megapixels were used 
to capture high-resolution photographs of the specimen.  A program called the Camera Plugin 
was developed by the MUST-SIM facility staff to communicate with SimCor and take pictures 
at the completion of each load step.  For the planar wall tests, 8 cameras were utilized to capture 
different regions of the front of the wall.  An additional camera for PW1 was used to capture the 
side of the specimen.  While taking photographs of a specimen to record the progression of 
damage was not new to researchers, using photogrammetric techniques to extract engineering 
data and information from the photographs was quite unique.  This topic is discussed in some 
detail in the Appendix B and Section 5.1 and 5.2. 
3.8.4 Data Acquisition System 
The data acquisition (DAQ) system was made up of National Instruments (NI) hardware 
primarily utilizing two SCXI-1001 chassis daisy-chained together.  Signal conditioning is 
provided by a series of modules and terminals that connect into each chassis.  The modules used 
are the SCXI-1540, SCXI-1520, SCXI-1521b, and SCXI-1104c which are connected to the 
following respective terminal blocks SCXI-1513, SCXI-1314, SCXI-1317, and the BNC-2095.  
The two chassis are connected directly to a dedicated DAQ computer via a NI PCI-6289 card.   
The hardware was monitored with a NI LabView program called NEESdaq that 
synthesizes all of the channels into continuous data (measured at 2 Hz) and receives trigger 
messages from SimCor to collect step data.  At the completion of every SimCor step NEESdaq 
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averaged a series of data points to record one step of data.  This program was specifically 
designed to accommodate a large quantity of channels as utilized by the wall project. 
In additional to the robust DAQ software, organizing, and setting up a large number of 
channels was critical and can be quite difficult and tedious to researchers.   Because of this, a 
script was developed to help synthesize metadata and channel parameters to eliminate tedious 
work that can easily lead to a channel mislabel.  The researcher inputs and organizes all of the 
instrumentation parameters in an Excel spreadsheet that is used to generate input files for the NI 
hardware and NEESdaq.  This information is also necessary to run Realtime Data Viewer 
(RDV), and organize data within project warehouse on NEEShub and DataTurbine.  
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CHAPTER 4:  General Wall Test Results 
 
This chapter provides a summary of the measured response of each reinforced concrete 
wall that was used in this present investigation of tensile response. A more complete 
documentation of the test results is provided in the appendices and in the NEES central 
repository (www.NEES.org). This summary is presented in the main body of this thesis to 
provide general information on measured response the walls that is pertinent to this study on 
cracking, tension stiffening, and bond. 
 
4.1 PW1 Test Results 
Specimen PW1 was designed to represent the bottom three stories of a modern planar 
wall meeting ACI Code (ACI Com. 318 2005) requirements, detailed with heavily reinforced 
boundary elements, and subjected to shear and moment demands that would result from a 
standard ASCE-7 load distribution. The progression of damage for PW1 was as follows:  
Horizontal cracking of the wall was observed during the 0.1% drift cycle. Diagonal cracking 
was observed during the 0.15% cycle. Yielding of the longitudinal reinforcement was measured 
at 0.26% drift. Damage to the concrete was initiated at 0.45% drift, in the form of spalling of the 
concrete cover at the top of the spliced region. Additional cyclic loading resulted in an increase 
in the spalled region at the two edges of the walls, with the cover along the spliced region 
spalling off at the 0.9%-drift level. Larger drift demands and cycling of the specimen resulted in 
buckling of the longitudinal bars at the top of the spliced region at the 1% drift level. Initiation 
of loss of lateral capacity occurred during cycling to 1.5% drift due to fracture of the 
longitudinal reinforcement at the base of the wall. The buckled bars at the top of the spliced 
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region did not fracture; conversely, the bars at the bottom of the wall (above the foundation) did 
not buckle.  A picture of the specimen at the end of testing can be seen in Figure 4-2.  The load 
displacement plot of PW1 can be seen in Figure 4-1. 
 
 
Figure 4-1: Load displacement plots of planar wall tests 
 
4.2 PW2 Test Results 
Specimen PW2 was designed to represent the bottom three stories of a modern planar 
wall meeting ACI Code requirements, detailed with heavily reinforced boundary elements, and 
subjected to shear and moment demands that corresponds to an effective height of 0.5h10, where 
h10 is the total height of the prototype 10-story wall. Damage progression for PW2 was as 
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follows: Diagonal and horizontal cracking initiated at 0.1% drift. Yielding of the reinforcement 
was measured at 0.2% drift. Concrete spalling initiated at the top of the spliced region at 0.50% 
drift and at the base of the wall at 0.75% drift. Buckling of the reinforcement occurred at the top 
of the spliced region at 1% drift. Initiation of core concrete damage in boundary element 
occurred at 1.5% drift. Lateral capacity was lost during cycling to 1.5% drift due to an apparent 
compressive failure of the boundary element and web region adjacent to the boundary zone.  A 
picture of the specimen at the end of testing can be seen in Figure 4-2.  The load displacement 
plot of PW2 can be seen in Figure 4-1. 
 
4.3 PW3 Test Results 
Specimen PW3 was designed to represent the bottom three stories of a modern planar 
wall meeting ACI Code requirements, detailed with uniformly distributed longitudinal 
reinforcement, heavy transverse reinforcement in the ACI-defined boundary elements, and 
subjected to shear and moment demands that corresponds to an effective height of 0.5h10. The 
specimen was reinforced with #4 bars along its length, in contrast to the other specimens, which 
had #2 bars in the interior of the wall. As a result, the height of the spliced bars was at a single 
plane in Specimen PW3. 
Progression of damage for PW3 began with diagonal and horizontal cracking initiated at 
0.06% drift. Yielding of longitudinal reinforcement was measured at 0.23% drift. Concrete 
spalling occurred at the top of the splice region at 0.35% drift. No spalling occurred at the wall 
base. At 0.75% drift, buckling of the reinforcement occurred at the top of the spliced region and 
damage to the wall web was initiated. Lateral capacity was lost during the cycle to 1.25% drift 
due to an apparent compressive failure of the entire web region adjacent to the boundary zone.  
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A picture of the specimen at the end of testing can be seen in Figure 4-2.  The load displacement 
plot of PW3 can be seen in Figure 4-1. 
 
4.4 PW4 Test Results 
Specimen PW4 had a design similar to that of PW1 and PW2 with heavily reinforced 
boundary elements; however, for PW4 longitudinal reinforcement was not spliced at the base of 
the wall, as was the case for the previous specimens. Shear and moment demands for the wall 
were identical to PW2 and PW3, corresponding to an effective height of 0.5h10.  
Damage progression for PW4 was as follows: horizontal cracking was observed during 
at 0.06% drift and diagonal cracking was observed at 0.07% drift. Longitudinal reinforcement 
yielded at 0.21% drift. Concrete spalling was first observed at 0.35% drift. The 0.75% drift 
cycles saw buckling of reinforcement and core concrete damage at the base in the east boundary 
element. This damage became progressively worse until initiation of loss of lateral capacity at 
1.0% drift level in an apparent compressive failure. At loss of strength, the west boundary 
element had only minimal core crushing.  A picture of the specimen at the end of testing can be 
seen in Figure 4-2.  The load displacement plot of PW4 can be seen in Figure 4-1. 
 
4.5 Comparison of Planar Wall Tests 
The test results indicate that the effect of the wall study parameters on the seismic 
performance is significant. Using PW2 as the reference, the impact on performance of the i) 
load distribution (PW1 in comparison to PW2), ii) distribution of the longitudinal reinforcement 
(PW2 in comparison to PW3), and iii) splice of wall longitudinal reinforcement above the 
foundation (PW2 in comparison to PW4) can be assessed.  
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                                 (a) PW1                                      (b) PW2                       
   
                                 (c) PW1                                      (d) PW2                       
Figure 4-2: Planar wall specimens at the end of testing 
 
In all cases, initial damage to the walls included horizontal and diagonal cracking 
followed by yielding. Damage to the cover concrete always initiated at the top of the spliced 
region for the first three specimens, whereas cover concrete damage occurred at the base of the 
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wall in the continually reinforced PW4. The next damage state and progression of damage 
depended on the moment-to-shear (or effective height) of the wall and the distribution of the 
longitudinal reinforcement, as discussed below. 
Specimen PW1 was tested to determine the behavior of a modern wall subjected to the 
code-specified load distribution. This wall responded in a ductile mode, with loss of lateral 
capacity resulting from fracture of the longitudinal reinforcement at the base of the wall. 
Specimen PW2, which was nominally identical to PW1, was subjected to a lower base moment-
to-shear ratio, which could occur due to the dynamic response of the system. The resulting 
response changed from one of flexure to mixed flexure-shear, with concrete damage 
concentrated at the top of the splice region and spread into the interior of the wall. This change 
resulted in a reduction in the lateral drift capacity and a sudden loss in lateral strength. 
Specimens PW2 and PW3 were subjected to the same moment-to-shear ratios, but had 
different longitudinal reinforcement distributions. In comparison with PW2, the peak shear 
strength of PW3 was lower, damage initiated at lower drifts and drift capacity were reduced. 
Where significant damage in Specimen PW2 initiated at 1.5% drift, for PW3, significant 
damage in the interior of wall initiated at 0.75% drift and loss of lateral capacity occurred at 
1.25% drift.  In addition, the damage pattern was altered. Specimen PW2 sustained damage 
primarily in the boundary element and the adjacent interior portion of the wall. In contrast, 
Specimen PW3 sustained damage along the entire plane of the wall at the top of the spliced 
region.  
Specimens PW2 and PW4 were subjected to the same moment-to-shear ratios and had 
identical longitudinal reinforcement distributions; however, while longitudinal reinforcement 
was spliced in PW2, it was continuous in PW4.  Similar to PW2, damage for PW4 was 
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concentrated in the boundary elements and adjacent portion of the web. While for PW2, damage 
concentrated at the top of the splice, for PW4 damage occurred lower down at the base of the 
wall. The order of damage progression in PW4 was the same as PW2, but key damage states 
were reached earlier in PW4 than in PW2, with base concrete spalling at 0.5% drift (0.75% 
PW2), bar buckling at 0.75% (1.0% PW2), and core concrete damage occurring at 0.75% (1.5% 
PW2). Additionally, the lateral drift capacity of PW4 (1.0%) was lower than for PW2 (1.5%), as 
was the peak shear capacity. 
 
4.6 Investigation of Seismic Response Mechanisms 
The response of the planar wall specimens was monitored using multiple types of 
instrumentation. Data from these instruments can be evaluated to provide improved 
understanding of the mechanisms that control performance. The results of an investigation of 
the contribution of various mechanisms to global response are presented below. 
Using data from the displacement transducers and the Nikon Metrology system, the 
contribution to total wall drift of flexural deformation, shear deformation, and base rotation and 
slip were computed. These data are presented in Figure 4-3. Drift due to base rotation was 
computed using measured elongation of displacement transducers with a 2 inch gage length 
spanning the wall-foundation interface. Base slip was calculated using the average horizontal 
displacement of the bottom row of Nikon Metrology targets on the wall and assuming zero 
horizontal movement of the foundation. To determine drift due to flexural deformation, the 
average change in rotation between two vertical levels of the wall was multiplied by the 
distance from the top of the wall to the midpoint between these two levels. Using traditional 
displacement transducers, the change in rotation between two levels was computed from the 
121 
elongation of a horizontal row of instruments. For the Nikon Metrology system, the average 
change in rotation between two horizontal rows of targets was computed using only the 
measured relative vertical displacement of the targets. The data presented in Figure 4-3 use 
rotations computed from Nikon Metrology system data for the first floor and displacement 
transducers for the second and third floors. Shear deformation was calculated for vertical 
segments of the wall by determining the average shear strain, along the width of the wall, for 
that vertical segment. First floor shear was calculated using the Metris system data, and second 
and third floor shear was calculated using linear potentiometers.  
Figure 4-3 shows the contribution of each of these mechanisms for each of the 
specimens. Note that the contribution of each mechanism and each story is identified by color 
and that within each story, the contributions of a vertical segment of the wall identified by lines. 
These data show that on average in the post-yield range, approximately 20% of the deformation 
was due to base rotation, 60% to flexural deformation and 20% to shear deformation. Base slip 
was not significant for any of the specimens. 
For Specimens PW1 and PW4, the computed deformation sums to approximately 100%, 
suggesting that the identified mechanisms do indeed determine the total deformation of the 
specimen. For PW1, for which shear demands were lowest, the 20-60-20 breakdown is almost 
exact for the majority of the load history, and it is interesting to note that significant flexural 
deformation occurred at mid-height of the first story at the top of the splice region. For PW4, 
with higher shear demand and no splice, the breakdown of deformation is approximately 30-50-
20 for base rotation, flexure and shear, which is consistent with the observation that damage 
was localized at the base of the wall. 
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Figure 4-3: Contribution to total drift of different response mechanisms 
 
For specimens PW2 and PW4, the computed deformation sum was significantly less 
than 100% of the total deformation, suggesting that a significant source of deformation is not 
included in these calculations. Given that for these specimens significant damage was observed 
at the top of the splice, it is likely that the methods used to compute deformation are “missing” 
some deformation in this region. For these specimens, the interaction of high shear demand and 
the existence of the splice resulted in additional deformation. For Specimen PW3, it is 
interesting to note that the contribution of base rotation is relatively small towards the end of the 
test while the contribution of flexural deformation at the top of the splice is relatively large; thus 
“plastic hinging” occurred at the base and at the top of the splice.  Birely’s thesis has more 
information on the seismic response and performance of the planar wall tests (Birely, 2012). 
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4.7 CW1 Test Results 
The coupled wall test was a revolutionary test that provided first-of-its-kind 
experimental damage and measured data.  The global behavior of the specimen can be seen in 
Figure 4-4.  A comparison between the first planar wall test (PW1) and the coupled wall tests 
can be seen in Figure 4-4(b).  CW1 reached a peak third story drift of 2.27% with a 
corresponding peak base shear of 175 kips or shear stress demand of 4.31234. 
 
 
Figure 4-4: (a) CW1 measured base shear versus drift (b) Comparison between PW1 and CW1 
base moment versus drift 
 
The response of CW1 was much softer and more flexible than that of PW1 even though 
both specimens were designed with similar base shear strengths and loading using the same 
effective height (0.7h). This was expected due to the effect of the openings in CW1.  The 
ultimate failure of the specimen resulted in a sudden compressive failure of the east wall pier at 
2.27% drift.  The boundary element at the compressive toe failed due to crushing of the concrete 
core and buckling of the longitudinal reinforcement.  It is important to note that the wall failed 
with no or little out-of-plane buckling.   
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Figure 4-5: Compressive failure of east wall pier.  Note bulging of boundary element 
reinforcing bars 
 
Figure 4-5 shows the compressive failure of the east wall pier at 2.27% drift, noting the 
bulging of the longitudinal reinforcing bars.  Also, the failure of this specimen occurred at the 
very base of the wall as one would expect, but this differs from the planar wall tests that had a 
splice, where the compressive failure occurred above the splice. 
The damage progression will be briefly examined here.  Diagonal cracking of the wall 
piers occurred at a drift of 0.32%.  Yielding in the outermost boundary elements occurred at 
0.50% drift.  Initial spalling of the concrete cover occurred at 1.00% drift.  Moderate spalling 
that exposed the longitudinal reinforcement occurred at 1.5% drift.  Bar buckling and core 
crushing in the outermost boundary elements occurred at 2.25% drift cycle.  Figure 4-6 
illustrates the progression and distribution of damage for the coupled wall.  Different zones of 
damage can be seen for initial yielding, plastic behavior, cover spalling, and crushing with bar 
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buckling.  Strain was measured with strain gauges on the reinforcement and plastic behavior is 
defined as when the strain measurement reached strain hardening.  At the 0.50% drift damage 
state, it can be seen that yielding initiated in the second and third floor coupling beams before 
the first story coupling beam yielded.  This shows that the demand distribution between the 
coupling beams is not equal and the demand on the first floor coupling beam is lower relative to 
the upper stories due to reduced rotational demand that is imposed at the first floor level.   
 
 
Figure 4-6: Illustration of progression of damage in coupled wall 
 
Second, looking at the 1.5% damage states, it can be seen that a significant portion of 
the wall underwent yielding.  This suggests that the coupled wall system is distributing the 
deformation throughout the lower two stories for a moderate level of ductility.  Also, the 
coupling beams are consuming a significant level of deformation to keep the walls coupled 
together and increase the stiffness of the system throughout this level of loading.  At the 
extreme drift level of 2.27%, it can be seen that all of coupling beams and the entire first story 
are exhibiting plastic behavior.  While the ultimate failure of the specimen was due to local 
crushing of the boundary elements as shown by the dark shaded region, it is important to note 
that the entire wall was contributing to dissipating energy in the form of yielding and crushing.  
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Specifically, the coupling beams were extremely ductile and withstood a high level of yielding.  
As shown in Figure 4-7 the coupling beams developed large cracks at the interface between the 
coupling beam and wall pier, but they withstood high levels of rotational ductility.  These 
longitudinal crack widths reached 0.40 inches, while the diagonal cracks within the coupling 
beam never exceeded 1/16 inch.  A moderate amount of local crushing at the corners of the 
coupling beams can be seen in Figure 4-7.  It was observed that the cyclic nature of the loading 
caused the coupling beams to grind at the coupling beam wall interface increasing the primary 
crack width and initiating spalling at the corners of the coupling beams. 
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(a) CB3 
 
(b) CB2 
 
(c) CB1 
Figure 4-7: Coupling beam damage state at final loading step 
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4.8 CW1 Post Failure Axial Capacity 
Engineers are curious if a structural wall can continue to support gravity forces with an 
acceptable factor of safety after a structural wall has lost its lateral load carrying capacity.  This 
is typically not tested in a lab due to test setup limitations, in that lateral forces are applied with 
large actuators which would have to be reconfigured to impose axial load on the specimen.  
However, this is not a limitation with the MUST-SIM facility at the University of Illinois at 
Urbana-Champaign due to the capability to impose forces and moments in all 6 DOFs.  After 
the coupled wall lost lateral load carrying capacity, an axial load test was conducted.  The 
coupled wall was able to withstand 1,400 kips af axial force, or about 0.48f’cAg.  Since the 
specimen was designed to withstand 0.1 f’cAg, it is clear that the wall could withstand gravity 
loads after an earthquake.  The coupled wall was able to withstand this large axial force after the 
lateral load test because most of the cross section at the base of the wall was still intact; the 
highly localilized crushing occurred at the compression toes of the specimen, but the inner 
boundary elements and the webs remained in good condition.   
 
4.9 NEEShub Data Repository 
NEES project researchers are required to post their data to an online data repository to 
be shared with the entire engineering research community.  This is a radical concept whereby 
data collected by a researcher is no longer owned indefinitely by the original researcher.  The 
idea behind this is that sharing research data is a key component to advancing the field of 
seismic engineering.  The research objectives of this thesis and the associated NEESR project 
are only a small portion of the intellectual potential of what can be learned from the 
experimental program.  A plethora of data is available to be studied due to the large number of 
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sensors use to measure the response of each NEESR test.  However, it is not possible to for a 
single graduate student or research team to explore and analyze, without bias, all aspects of the 
data collected in sufficient depth.  NEEShub is a web-based platform for which large amounts 
of data can be shared with the engineering community to promote additional use of the data to 
solve new additional research objectives that the original research team was unable to 
investigate due to scope, personnel, and expertise limitations. 
NEEShub is attempting to overcome boundaries that conventional experimental research 
practice is constrained to.  Typically, large experimental research programs are funded to 
complete experiments and meet specific research objectives and questions.  Most of the time, 
new additional research objectives and engineering problems are derivatives of the original 
research scope.  These new objectives are typically discovered as an experimental program 
begins to evolve.  An example of how research objectives can change during a research project 
can be taking from the NEESR Behavior, Analysis, and Design of Complex Wall Systems.  
During the first experimental test, the presence of a lap splice at the base of the wall seemed to 
have a dramatic effect on the ultimate damage state of the wall that an addition planar wall test 
PW4 (without a lap splice) was added to the testing matrix to act as a control specimen.  
Similarly, due to the large amount of data, there are numerous research topics that can be 
studied with the data collected. 
NEEShub is a place where researchers can upload and store data sets for multiple users 
to access and work with.  Instead of each researcher working with their “own” set of the data, a 
truly common set of data can be worked with by multiple users.  The original research team 
processes the original data from the raw or “as collected” form to a cleaned or “derived” data set 
that is useful to any research engineer.  While access to the data is innovative in itself, another 
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powerful aspect to NEEShub is the large amount of custom software that is available to the 
research group to visualize and process data.  These tools are available to all researchers so that 
each engineer does not have to reinvent the wheel to perform basic analysis and visualization 
tools.  The metadata stored on NEEShub is a huge benefit to an outside researcher.  The original 
research team is required to post information about the sensor layouts, sensor meta-data, 
experimental setup, photographs, and videos.   All of this data, information, and tools allow 
additional researchers to investigate more research objectives that otherwise might not get 
investigated from the data collected. 
The data collected and referenced in this thesis has been uploaded to NEEShub at 
www.NEES.org and can be found under the project titled NEESR Behavior, Analysis, and 
Design of Complex Wall Systems.  At the time of the publication of this thesis, data from the 
planar and coupled wall tests is available including raw data, processed data, photographs, 
metadata, and videos.   
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CHAPTER 5:  Cracking of Structural Walls 
  
The development of cracking is an important phenomenon to understand about the 
response of reinforced concrete structures to imposed loadings or displacement. The pattern of 
cracking at any point in time is the most common and easily observed pattern of damage in 
concrete structures. It provides a window into the flow of forces at lower load levels, whether a 
member exhibits flexure or shear dominated behavior, the change in directions of loading after 
cracking, the effectiveness of steel reinforcement, stress in this reinforcements, if there are 
anchorage problems, and other forms of information. The measured cracking state in structures 
that have been subjected to extreme overloads, such as due to seismic loadings, is used to 
determine the remaining capacity of these structures. The development of cracking is even more 
important to understand for structures subjected to service level loadings, as it is useful for 
assessing the adequacy of designs, the susceptibility to environment effects, and the need for 
remedial actions. In the literature review presented in Chapter 2, factors that have been 
measured to influence the pattern of cracking were summarized. Chapter 5 presents a summary 
of the measured cracking response for the walls tested in the NSF project on complex walls and 
draws observations and conclusions from this work.  
 
5.1 Crack Development and Crack Maps 
The development of cracking has been traditionally recorded through the use of crack 
tracings, crack-width measurements, manual counting of cracks, and photographs.  This data 
can be tedious and cumbersome to collect such that crack recording during an experiment is 
typically quite limited, and the results of these measurements are primarily used for making 
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qualitative assessments.  In the NSF complex walls project, close-range digital photogrammetry 
was used to create high-resolution crack maps from which the development, spacings, and 
width of cracks could be obtained with relative ease.  An example of one of these crack maps 
for a planar wall test can be seen in Figure 5-1.  Although cracking was observed over the entire 
height of the wall, only the cracks on the bottom two stories were marked, and thus show up in 
the crack maps as seen in Figure 5-1.   This is presented in this thesis for the planar wall tests 
only.  The crack maps for the planar walls are all 4,000 pixels tall by 5,000 pixels wide which 
have the same aspect ratio of the height and width of the first two stories 8 feet by 10 feet, 
therefore the crack maps are a scaled, oriented image, from which crack location and orientation 
information can be extracted from the images. 
 
 
Figure 5-1: Crack map example 
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Cracks maps were developed by combining six photographs using photogrammetric 
techniques that are explained in some detail in Appendix B.  Physical cracks were marked using 
a marker by tracing close to the cracks, but not directly on top of the cracks.  It was desired to 
be able to observe the cracks open and close and tracing directly on top of the cracks would 
have masked this observation.   
Cracks were marked at a large number of load steps which is not common among 
reinforced concrete experiments.  Cracks were marked at a total of 42, 75, 74, and 82 load steps 
for PW1, PW2, PW3, and PW4 respectively.  With the exception of PW1, cracks were marked 
at every cycle peak, and every first new displacement level.   However, for PW1 cracks were 
marked at every cycle peak after first cracking, thus there are fewer crack maps for PW1.  
Figure 5-2 shows the steps where cracks were marked.  For PW2, PW3, and PW4, cracks were 
essentially marked throughout the monotonic backbone curve and every cycle peak. 
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Figure 5-2: Loading protocol showing the steps where cracks were marked 
 
Separate crack maps were created when the shear force was acting in the east (pushing 
east, PE) and west (pushing west, PW) directions; this was done, to distinguish between which 
cracks were open as opposed to closed for each load step due to the opening and closing of the 
cracks from the cyclic loading history.  This does not indicate that the crack maps depict the 
level of “openness” of the cracks, either opened or closed, i.e. cracks on the west side of the 
specimen can be opening as the cracks on the east side are still closing.  For completeness, the 
cumulative crack maps were created to visualize the entire cracking history of each specimen 
and a depiction of this accumulation is described in Figure 5-3. 
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Crack Pattern Developed from Pushing East (PW1 step 135) 
 
+ 
Crack Pattern Developed from Pushing West (PW1 step 143) 
 
= 
Cumulative Crack Pattern from Both Directions (PW1 step 143) 
 
Figure 5-3: Crack pattern composition 
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5.2 Full-Field Displacement Measurements Using Photogrammetry 
For the planar walls, close-range photogrammetric techniques and image processing 
tools were used to develop crack maps; this methodology is explained in some detail in 
Appendix B.  However, for the coupled wall test full-field displacement measurements were 
taken across the entire front surface of the wall.  Full-field displacement measurements have 
become possible through the application of non-contact measurement techniques such as optical 
coordinate measurement machines (CMMs) and digital image correlation (DIC).  Full-field 
displacement measurements are a vital component of experiment research and testing to bridge 
the gap between inelastic FEM tools and experimental testing.  Multiple high-resolution Nikon 
SLR digital cameras were used in conjunction with software developed by EOS systems called 
PhotoModeler 2010 as well as Matlab scripts developed by the author.   This system is 
considerably less expensive than full non-contact measurement systems developed by third-
party companies.   
A brief description and explanation of the pros and cons of the system is now discussed.  
Nine high-resolution calibrated Nikon D80/90 cameras were setup in various locations 
surrounding the front face of the wall, four cameras captured four quadrants of the wall, and 
five cameras set further back captured almost the entire wall in each photograph.  The nine 
camera stations can be seen in the 3D model view within PhotoModeler in Figure 5-4.  The 
information in this figure, target locations and camera locations were all “back-solved” for from 
targets that are common between photographs and the proper calibrations factors have been 
accounted for. 
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Figure 5-4: PhotoModeler screenshot showing nine camera stations to capture CW1 
 
Each camera was calibrated prior to testing using a standard full-field calibration 
procedure that was described by PhotoModeler.  Each camera captured a photograph of the wall 
at the completion of a load step while the loading on the specimen was paused in a stationary 
position.  The geometric locations (X, Y, and Z coordinates) of the 167 coded targets that were 
captured in each photograph were solved for using PhotoModeler, and can be seen alongside the 
Nikon Metrology targets in Figure 5-5, noting that the feasible area over which the Nikon 
Metrology system could measure did not capture the entire wall surface, whereas the 
photogrammetric targets cover the entire surface of the wall, pointing to a noticeable advantage 
of using the photogrammetric system.  A Matlab script ran around PhotoModeler to cycle 
through each set of nine photographs for each load step and further clean the data. 
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Figure 5-5: Nikon Metrology (Krypton) and photogrammetry full-field measurement data 
superimposed on crack map for CW1 
 
To validate the displacement field data from the photogrammetric system, a comparison 
was done with the Nikon Metrology K-series Optical CMM.  First, a comparison between the 
raw data was made for both measurement types, comparing a LED with a photogrammetric 
target that were very close to one another.  It was not feasible to affix a LED on top of a 
photogrammetric target, so two points that were close enough were used.  A comparison of the 
raw data for the two measurement types for movement in the X and Y direction (in-plane 
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movement) and the Z direction (out-of-plane) as shown in Figure 5-6, Figure 5-7, and Figure 
5-8 respectively. 
 
 
Figure 5-6: Comparison of raw data between Nikon Metrology system and photogrammetry 
setup for CW1: In-plane movement in X-direction 
 
It can be seen in all of these figures that the photogrammetric data tracks very nicely 
over the Nikon Metrology data.  It should be noted that the noise of the photogrammetric data is 
a bit more than the Nikon Metrology data.  However, it should be noted that the resolution of 
the Nikon Metrology data is inversely proportional to the frequency of the measurement, 
therefore because data was taken at a very slow rate and averaged over 10 seconds, the Nikon 
Metrology data is comparatively smooth given the large measurement range. 
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Figure 5-7: Comparison of raw data between Nikon Metrology system and photogrammetry 
setup for CW1: In-plane movement in Y-direction 
 
 
Figure 5-8: Comparison of raw data between Nikon Metrology system and photogrammetry 
setup for CW1: In-plane movement in Z-direction 
 
When comparing the difference between the measurements in can be seen in Figure 5-9 
that the difference in the in-plane measurements (X and Y direction) is about 0.01 inches 
141 
throughout the entire test, and the difference in the out-of-plane direction (Z direction) is about 
five times greater around 0.05 inches. 
 
 
Figure 5-9: Normalized difference between adjacent Nikon Metrology LED and 
photogrammetric target in all three Cartesian directions 
 
 The measured relative strain between two LEDs or photogrammetric targets was also 
compared.  The results of this comparison are presented in Figure 5-10 and Figure 5-11.  The 
strain between two LEDs and two targets were plotted over the entire loading history in Figure 
5-10 and the difference between the measurements in Figure 5-11.  It can be seen that the strain 
measurements are very stable for both systems, noting that the difference between the two 
systems is around 300-500 micro-strain throughout the entire loading history.  Examples of 
using the photogrammetric displacement field data to generate FEM type strain contour maps 
can be seen in Figure 5-33, Figure 5-34, and Figure 5-35.  Figure 5-10 shows that strain can be 
measured from the photogrammetric system with just about the same measurement resolution as 
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the Nikon Metrology system for the purpose of measuring across a large surface such as the 
wall tests. 
 
 
Figure 5-10: Comparison between strain measurements from Nikon Metrology system and 
photogrammetry setup, gauge length is approximately 13 inches 
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Figure 5-11: Difference between strain measurements from Nikon Metrology system and 
photogrammetry setup, gauge length is approximately 12 inches 
 
 
5.3 Counting Cracks 
The first component of data that can be extracted from the crack maps beyond visual 
interpretation is the number of cracks.  A simple script was utilized to count the number of 
cracks for a vertical (column) or horizontal (row) of pixels by “counting” black bands of pixels.  
For the boundary elements, where the cracks are predominantly flexural cracks perpendicular to 
the longitudinal reinforcement, cracks were counted along the vertical direction only.  A 
depiction showing the number or cracks along the vertical direction across the entire width of 
the wall for a particular step while loading to the east is presented in Figure 5-12. 
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Figure 5-12: Average number of cracks in the boundary element for PW1 
 
From Figure 5-12 it can be seen that there are an average of 16 cracks counted up the 
height of the boundary element for the first two stories.  The blue line in the top plot depicts the 
average number of cracks across the width of the boundary element.  There is a bit of variability 
between the number of cracks throughout the width of the boundary element, for example it can 
be seen at the base of the boundary element there are not many cracks and the few cracks that 
are present are located at the extreme edge of the wall, thus the number of cracks at the edge is 
typically a bit more than the average number of cracks across the entire width.  Thus, at this 
point it should be noted that the definition for the number of cracks within a region of concrete 
was determined by averaging several measurements, as opposed to using a maximum or only 
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counting the cracks at the extreme edge of the wall.  For clarity it can be seen that there are no 
“open” cracks on the east boundary element as this portion of the wall is in compression at this 
particular load step.  This script was run for every crack map pushing in either direction and 
summarized in Table 5-1 and Table 5-2.   
It can be seen in Figure 5-12 that the number of cracks significantly decreases at the 
interface of the boundary element and web indicating that the abrupt change in the 
reinforcement ratio in all directions at this location influences the crack spacing.  This can be 
contrasted with a crack map at a similar load level for PW3 where there is a uniform 
distribution of longitudinal steel across the entire width of the wall whereby the longitudinal 
reinforcement ratio remains constant across the width.  This crack map can be seen in Figure 
5-13.  It is interesting to note that the number of cracks in the boundary element for each wall is 
about the same but there are many more inclined cracks in the web of PW3.  This can also be 
seen in the plot of the number of cracks across the width whereby for Figure 5-13 there is a 
constant reduction in the number of cracks across the width, as opposed to the plot in Figure 
5-12 where there is a “plateau” of around 16 cracks before a sharp drop-off to a few cracks 
within the web. 
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Figure 5-13: Average number of cracks in the boundary element of PW3 (Step 340) 
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Table 5-1: Number of Cracks and Crack Spacing for PW1 and PW2 
 
 
Step
Num. 
Cracks
Sy (in) Step
Num. 
Cracks
Sy (in) Step
Num. 
Cracks
Sy (in) Step
Num. 
Cracks
Sy (in)
73 1 48.0 85 4 19.2 137 3 24.0 152 0 96.0
75 3 24.0 105 4 19.2 138 7 12.0 153 0 96.0
95 3 24.0 125 4 19.2 139 8 10.7 154 1 48.0
115 3 24.0 143 16 5.6 140 9 9.6 156 1 48.0
134 18 5.1 144 19 4.8 180 13 6.9 157 2 32.0
135 19 4.8 145 22 4.2 220 15 6.0 158 4 19.2
160 22 4.2 180 24 3.8 257 15 6.0 159 7 12.0
200 24 3.8 220 26 3.6 258 16 5.6 160 9 9.6
240 26 3.6 260 27 3.4 259 17 5.3 200 12 7.4
280 28 3.3 300 28 3.3 260 17 5.3 240 13 6.9
320 29 3.2 340 29 3.2 300 18 5.1 277 13 6.9
360 30 3.1 380 31 3.0 340 18 5.1 278 14 6.4
400 31 3.0 420 31 3.0 384 19 4.8 279 16 5.6
440 32 2.9 460 33 2.8 386 20 4.6 280 17 5.3
480 33 2.8 500 33 2.8 388 21 4.4 320 19 4.8
520 33 2.8 540 33 2.8 390 21 4.4 360 19 4.8
560 34 2.7 580 34 2.7 470 24 3.8 424 19 4.8
600 35 2.7 620 35 2.7 550 25 3.7 426 19 4.8
640 36 2.6 660 35 2.7 626 26 3.6 428 19 4.8
680 37 2.5 700 35 2.7 628 26 3.6 430 19 4.8
720 37 2.5 740 36 2.6 630 27 3.4 510 24 3.8
710 27 3.4 590 24 3.8
790 28 3.3 666 25 3.7
864 30 3.1 668 25 3.7
866 31 3.0 670 26 3.6
868 33 2.8 750 27 3.4
870 34 2.7 830 28 3.3
950 34 2.7 904 29 3.2
1030 34 2.7 906 30 3.1
1106 34 2.7 908 31 3.0
1108 36 2.6 910 31 3.0
1110 36 2.6 990 31 3.0
1190 37 2.5 1070 31 3.0
1264 36 2.6 1146 32 2.9
1266 36 2.6 1148 33 2.8
1268 38 2.5 1150 33 2.8
1270 38 2.5 1230 33 2.8
1304 29 3.2
 (Cracks in the West BE)  (Cracks in the East BE)  (Cracks in the West BE)  (Cracks in the East BE)
PW1
Pushing East Pushing West
PW2
Pushing East Pushing West
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Table 5-2: Number of Cracks and Crack Spacing for PW3 and PW4 
 
 
Step
Num. 
Cracks
Sy (in) Step
Num. 
Cracks
Sy (in) Step
Num. 
Cracks
Sy (in) Step
Num. 
Cracks
Sy (in)
134 1 48.0 154 1 48.0 134 0 96.0 155 0 96.0
135 4 19.2 155 1 48.0 135 1 48.0 156 1 48.0
136 6 13.7 156 4 19.2 136 3 24.0 157 2 32.0
137 6 13.7 157 4 19.2 137 4 19.2 158 2 32.0
138 10 8.7 158 6 13.7 138 5 16.0 159 3 24.0
139 12 7.4 159 7 12.0 139 7 12.0 160 4 19.2
140 12 7.4 160 8 10.7 140 8 10.7 200 8 10.7
180 13 6.9 200 9 9.6 180 10 8.7 240 9 9.6
220 14 6.4 240 11 8.0 220 10 8.7 277 10 8.7
257 14 6.4 277 13 6.9 257 12 7.4 278 11 8.0
258 14 6.4 278 14 6.4 258 12 7.4 279 12 7.4
259 15 6.0 279 14 6.4 259 14 6.4 280 12 7.4
260 16 5.6 280 15 6.0 260 16 5.6 320 14 6.4
300 18 5.1 320 15 6.0 300 16 5.6 360 14 6.4
340 19 4.8 340 15 6.0 340 16 5.6 424 16 5.6
384 19 4.8 360 15 6.0 384 17 5.3 426 17 5.3
386 20 4.6 424 16 5.6 386 19 4.8 428 18 5.1
388 20 4.6 426 16 5.6 388 19 4.8 430 19 4.8
390 22 4.2 428 16 5.6 390 20 4.6 510 19 4.8
470 22 4.2 430 17 5.3 470 21 4.4 590 21 4.4
550 22 4.2 510 18 5.1 550 21 4.4 664 23 4.0
626 23 4.0 590 18 5.1 624 21 4.4 666 23 4.0
628 23 4.0 666 18 5.1 626 23 4.0 668 24 3.8
630 24 3.8 668 19 4.8 628 25 3.7 670 24 3.8
710 25 3.7 670 19 4.8 630 27 3.4 750 26 3.6
790 25 3.7 750 20 4.6 710 27 3.4 830 26 3.6
864 25 3.7 830 20 4.6 790 28 3.3 904 27 3.4
866 27 3.4 904 21 4.4 864 28 3.3 906 29 3.2
868 28 3.3 906 21 4.4 866 29 3.2 908 30 3.1
870 29 3.2 908 22 4.2 868 33 2.8 910 32 2.9
950 30 3.1 950 22 4.2 870 35 2.7 990 34 2.7
1030 32 2.9 990 23 4.0 950 36 2.6 1070 34 2.7
1106 33 2.8 1070 23 4.0 1030 35 2.7 1146 33 2.8
1108 34 2.7 1108 23 4.0 1106 37 2.5 1147 34 2.7
1110 35 2.7 1146 25 3.7 1107 38 2.5 1148 35 2.7
1146 35 2.7 1148 28 3.3 1108 38 2.5 1149 35 2.7
1148 35 2.7 1150 29 3.2 1109 39 2.4 1150 36 2.6
1150 35 2.7 1190 29 3.2 1110 39 2.4 1230 36 2.6
1190 36 2.6 1230 29 3.2 1187 40 2.3 1278 36 2.6
1230 35 2.7 1264 29 3.2 1190 40 2.3 1280 36 2.6
1264 36 2.6 1266 28 3.3 1282 36 2.6
1266 36 2.6 1284 37 2.5
 (Cracks in the West BE)  (Cracks in the East BE) (Cracks in the West BE)  (Cracks in the East BE)
PW3
Pushing East Pushing West
PW4
Pushing East Pushing West
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5.4 Average Flexural Crack Spacing 
The average spacing of flexural cracks is the second component of data that can be 
calculated once the number of cracks is known.  The average spacing is calculated as follows: 
 
1
ave
L
S
N
=
+
 5-1 
Where Save is the average crack spacing, L is the length over which cracks were counted, and N 
is the average number of cracks.  This approach assumes that there is a crack at both ends of the 
region of interest.  For example, if one crack is counted, the average spacing is half the length.  
For the case of the planar walls, the height of the boundary element over which cracks were 
marked was 8 feet or 96 inches (The bottom two stories of the specimen).  The average crack 
spacing in each boundary element for each planar wall can be found in Table 5-1 and Table 5-2.  
This measurement is compared directly with other models for predicting crack spacing.  The 
CEB-FIP model for predicting crack spacing is found in Equation 2-30.  A table summarizing 
the CEB-FIP results from the four planar walls can be found in Table 5-3.  For the most part, all 
of the parameters are the same with the exception of the cover and spacing of reinforcement. 
The effective tension area is taken as the area of concrete within the boundary element as 
defined within Figure 3-4 and Figure 3-6.  PW3 has a less reinforcement in the boundary 
element, however because there was an additional 0.5 inch of cover for PW1 the boundary 
element is 0.5 inches wider and thus the effective tension area is slightly lower than PW2 and 
PW4.  A summary of the average cracks spacing as predicted by the CEB-FIP model can be 
found in Table 5-3.  It is interesting to note that the cover and spacing of reinforcement have a 
strong influence on the average crack spacing as predicted by the CEB-FIP model by the factor-
of-two multiplier.   
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Table 5-3: CEB-FIP Average Crack Spacing 
 
 
  Since the cracking history is known throughout the entire loading history for the planar 
wall tests, the average crack spacing can be plotted against the average tensile straining in the 
boundary elements.  The crack spacing history can be seen in Figure 5-14 for all of the planar 
walls.  The average crack spacing as predicted by the CEB-FIP model can also be seen in this 
figure.  The average tensile straining (ε1) was calculated using differential movement between 
the Nikon Metrology LEDs at the top of the second story and the base of the wall. 
   
c s k1 k2 db As,BE Acef,BE ρeff Save
(in) (in) - - (in) (in
2
) (in
2
) - (in)
PW1 1.00 2.50 0.4 0.25 0.50 4.2 123.0 0.034 3.96
PW2 0.50 2.50 0.4 0.25 0.50 4.2 120.0 0.035 2.93
PW3 0.50 3.75 0.4 0.25 0.50 2.8 139.5 0.020 4.24
PW4 0.50 2.50 0.4 0.25 0.50 4.2 120.0 0.035 2.93
Wall
151 
 
Figure 5-14: Average crack spacing for all planar walls 
 
Given that the cover for PW1 was 1.0 inch which is larger than the cover for the other 
planar walls, which was 0.5 inches, the average crack spacing predicted by the CEB-FIP model 
significantly larger as shown in Table 5-3.  The CEB-FIP model predicts that the average crack 
spacing for PW1 with a larger cover would be 3.96 inches, as opposed to 2.93 for PW2 and 
PW4, a difference of about an inch.  Since all other parameters are equal, this suggests that the 
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cover might not influence the average crack spacing as much as the CEB-FIP equation suggests.  
This might be due to the fact that the depth of the boundary element is significant relative to the 
cover, in that there is not a single layer of reinforcement from which the CEB-FIP model was 
derived from. 
The average crack spacing data for all of the planar walls has been plotted on top of each 
other in Figure 5-15 and it can be seen that all of the walls converge on a stabilized cracking 
pattern close to each other, with the exception of PW3 pushing west.   
 
 
Figure 5-15: Average crack spacing for all planar walls combined view 
 
A cumulative crack map of PW3 at an advanced stage of loading (Figure 5-16) shows 
that the crack spacing on either side of the wall is slightly different.  This may be the result of a 
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discrete crack that formed above the splice on the east side of the wall that subsequently 
absorbed most of the deformation leaving the portion of the wall above the splice unchanged. 
 
 
Figure 5-16: PW3 cumulative crack map at an advanced cracking state noting more cracks 
within the west boundary element compared to the east boundary element 
 
A table summarizing the measured stabilized crack spacing compared to the CEB-FIP model is 
presented in Table 5-4.  This table shows that the measured average spacing is slightly less than 
the CEB-FIP model for all cases.  It also shows that for PW2 and PW4 the correlation is very 
close as opposed to PW1 and PW3.  As stated earlier this may be because PW1 had a larger 
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cover that did not affect the average crack spacing, and PW3 had a uniform distribution of 
reinforcement which did not localize all of the cracking in the boundary element. 
 
Table 5-4: Average Crack Spacing Comparison 
 
 
5.5 The Effect of Transverse Reinforcement on Crack Spacing 
In 1983, Rizkalla, Hwang, and El-Shahawi presented research that concluded that the 
presense of transverse reinforcement influences the crack spacing for a uniaxial tension member.  
The research was designed to study membrane elements with reinforcement in two directions 
but only loaded in one direction, uniaxial tension.  Rizkalla pointed out that cracking had been 
studied almost extensively in members with reinforcement in one direction such as beams, but 
suggested that the presence of reinforcement in the transverse directions can influence cracking 
in the principal direction (Rizkalla et. al 1983).  
Rizkalla extended upon the research of Beeby and Leonhardt in the 1970s to develop an 
equation to characterize crack spacing in terms of section properties while leaving out terms like 
reinforcement stress which is less convient to use in a calculation as a designer.  Rizkalla settled 
PW1 3.96 2.85 0.72
PW2 2.93 2.80 0.96
PW3 4.24 3.70 0.87
PW4 2.93 2.85 0.97
Ave. 0.88
Standard Deviation 0.10
Smeas. / SCEB
Save (in)
MeasuredCEB-FIP
Wall
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on the following equation that predicts the average spacing of longitudinal crack perpendicular 
to the principal reinforcement in the absense of transverse reinforcement: 
 ( )5 0.28 1.33 0.08 bm b
eff
d
S d c ρ= − + +  5-2 
Where Sm is the average crack spacing, db is the bar diameter in inches, c is the concrete clear 
cover in inches, and ρeff is the reinforcement ratio within the zone of influence surrounding the 
reinforcement.  To account for the presense of transverse reinforcement, Rizkalla included a 
term B and defined the average spacing of cracks in the presense of transverse reinforcement as: 
 c mS Sβ=  5-3 
Where B is defined as: 
 
0.02
0.96
R
m
S
S
β =
 
 
 
 5-4 
Where, Sm is the mean average crack spacing in inches as defined in Equation 5-2 and Sr is the 
spacing of transverse reinforcement in inches.  The other factors found in Equation 5-4 come 
from calibration terms to fit the experiment research program. 
 Using Equation 5-3, the predicted stabalized average crack spacing in the boundary 
elements was calculated for the planar wall specimens.  The predicted crack spacing and input 
parameters for the planar wall tests can be found in Table 5-5.  
 
Table 5-5: Rizkalla 1983 Crack Spacing 
 
c db As,BE Acef,BE ρeff Sm SR β SC
(in) (in) (in
2
) (in
2
) - (in) (in) (in) (in)
PW1 1.00 0.50 4.2 123.0 0.034 3.60 2.00 0.97 3.50
PW2 0.50 0.50 4.2 120.0 0.035 2.91 2.00 0.97 2.81
PW3 0.50 0.50 2.8 139.5 0.020 3.76 2.00 0.97 3.65
PW4 0.50 0.50 4.2 120.0 0.035 2.91 2.00 0.97 2.81
Wall
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A comparison between the predicted crack spacing from Rizkall 1983 and the 
experimental program and can be found in Table 5-6. 
 
Table 5-6: Average Crack Spacing Comparison 
 
 
Rizkalla’s prediction correlates much better than the CEB-FIP prediction suggesting that 
there is an impact of transverse reinfrorcement spacing on the crack spacing perpendicular to 
the principal tensile direction.  The average ratio of Smeas to SRizkalla is much close to 1.00 than 
the CEB-FIP and the standard deviation is closer to zero suggesting that the presense of 
transverse reinforcement does play a role in the development of longitudinal cracking. 
Rizkalla observed that the final crack pattern stabilized at 0.0011 in/in strain which is 
different compared to almost 0.005 in/in strain which was observed for the planar wall tests and 
can be seen in Figure 5-15.  While it can be argued that the tensile contribution of concrete is 
very limited after 0.0011 in/in strain, the progression of crack spacing continues suggesting that 
cracks initiate from the continuation of deformation of the primary reinforcement and presence 
of transverse reinforcement which is occurring after 0.001 in/in strain.  With transverse 
PW1 3.50 2.85 0.81
PW2 2.81 2.80 1.00
PW3 3.65 3.70 1.01
PW4 2.81 2.85 1.01
Ave. 0.96
Standard Deviation 0.08
Wall
Save (in)
Smeas. / SRIZRizkalla 
1983
Measured
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reinforcement spaced far apart, cracks should still initial at locations of transverse reinforcement 
and then if concrete stresses between transverse reinforcement reaches the cracking stress then 
additional cracks between the reinforcement will develop, thus reducing the cracking spacing. 
It should be noted that to date there have been extensive membrane tests conducted 
where reinforcement is present in both direction, however almost no research has investigated 
the presense of confinement reinforcement, hoops and stirrups on crack spacing and crack width.  
The planar wall tests have confinement reinforcement in the boundary element.  While 
comparing the results of the experimental program to the result from Rizkalla et al., it should be 
noted that the stirrups within the boundary elements are being treated at transverse 
reinforcement.  This is acceptable since the cause of cracking from transverse reinforcement is 
from stress concentrations which does not discriminate between transverse reinforcement or 
confinement reinforcement provided it is perpendicular to the reinforcement under direct 
tension.  
The transverse reinforcement was the same for all four planar wall tests.  Closed hoop 
stirrups with 135 degree closed hooks were spaced at 2 inches on center.  In addition, transverse 
web reinforcement was anchored in the boundary elements and spaced at 6 inches on center.  It 
seems very likely that cracks on the tension face of a beam would initiate at a location where 
transverse reinforcement is present because the stirrup wraping arround the longitudinal 
reinforcement would create a localized stress concentration to initiate the crack.  To summarize, 
when comparing the results of Rizkalla’s prediction with the measured results, it can be 
concluded that the spacing of transverse or confinement reinforcement can have a significant 
effect on the spacing of cracks. 
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5.6 Average Flexural Crack Width 
Once the average crack spacing is known, the average crack width can be calculated 
using the following formula: 
 1ave avew S ε=  5-5 
Where wave is the average crack width, Save is the average crack spacing, and ε1 is the average 
tensile strain.  This formula assumes that all of the straining across the region is localized in the 
cracks that have formed.  The average crack spacing comes from the crack maps as was 
discussed earlier in this chapter and the average straining comes from comparing the difference 
between two Nikon Metrology LEDs.  The results for pushing in both directions can be seen in 
Figure 5-17. 
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Figure 5-17: Average crack width for all planar walls 
 
All of the data is plotted on top of one another can be seen in Figure 5-18.  It is 
interesting to note that only PW3 (Pushing west) deviates from the rest of the planar wall results.  
This is expected as PW3 is the only wall with a much lower reinforcement percentage in the 
boundary elements.  The longitudinal reinforcement percentage is 2.0% as opposed to 3.5% for 
the other walls.  Another note is that prior to yielding, the crack width data is erroneous because 
the average straining is not focused within the cracks because there are no cracks in this region.  
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This is no problem with this method for measuring crack widths as opposed to measuring the 
cracks widths by hand using a crack width gauge.   
 
 
Figure 5-18: Average crack width for all planar walls combined view 
 
5.7 Flexural Residual Crack Width 
Once a reinforced concrete element in tension is cracked, the reinforcement at the crack 
carries the entire tensile force.  Eventually, the reinforcement undergoes plastic deformation and 
subsequently dissipates energy in the form of yielding of the reinforcement.  Then, when a 
structure is unloaded the cracks do not disappear, rather they close because the stored energy in 
the reinforcement closes the crack.  However, as steel unloads after being plastically deformed 
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there is an inherent plastic offset that cannot be recovered in that the reinforcement bar has 
elongated.  This elongation is captured within a cracked specimen as cracks remain “open” after 
unloading.  The crack width after load has been removed from the system is defined as the 
residual crack width. 
It is uncommon to measure residual crack widths as they can only be observed in cyclic 
and reverse cyclic loading experiments.  It would be possible to measure a single residual crack 
width after the conclusion of a monotonic loading experiment, but this is not done often if at all.  
Typically, if crack widths are studied at all, they are studied throughout the loading of a 
monotonically loaded specimen in which the cracks are always getting larger throughout the 
loading. 
An engineer should be particularly interested in residual crack widths as it is the residual 
crack widths that can be observed in the field.  This is because most structures are looked at 
after a large event to observe distress and damage to make a decision about repair, occupancy, 
in which the system has been unloaded.  In fact, most structures are observed when they are not 
stressed to due to lateral events such as a wind storm or earthquake.  It would be impossible to 
observe a structural wall at the exact instant of an earthquake to measure crack widths unless 
advanced measurement techniques were used and recorded continuously.  Therefore, it is of 
importance to study residual crack widths to infer the demands that structural components have 
undergone. 
The residual crack widths were calculated for each of the planar walls.  The residual 
crack widths are calculated exactly the same as the cracks widths at the cycle peaks however the 
average strain is taken when the lateral force is close to zero.  Therefore, there is some inherent 
strain or plastic offset in the system when the lateral force returns to zero from a peak indicating 
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that the system has sustained some plastic deformation and dissipated energy.  The residual 
cracks widths were measured when the lateral force was zero to simulate the end of a seismic 
cycle.  The number of cracks remains the same as the number of cracks at the peak.  Since after 
reaching a peak the load is reduced, it is a safe assumption to assume that no new cracks are 
created during the unloading branch.   
Residual crack widths were calculated for all cycles during the 0.21%, 0.34%, 0.50%, 
0.75%, 1.00%, and 1.50% drift displacement levels.  It was decided that these displacement 
levels have sufficient cracking to reasonably capture the average state of cracking.  Early in the 
loading, the data is a bit more random as seen in Figure 5-18 which is not a representative 
measurement.  For each planar wall, the residual crack widths have been plotted along with the 
crack widths that were calculated at each cycle peak which can be seen in Figure 5-19, Figure 
5-20, Figure 5-21, and Figure 5-22.   
Each figure has six plots where each one represents a different displacement level: 
0.21%, 0.34%, 0.50%, 0.75%, 1.00%, and 1.50% drift.  The red data points represent the crack 
widths and corresponding average strain in the boundary element at the cycle peaks and the blue 
data points represent the residual crack widths at the zero lateral force level.   
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Figure 5-19: PW1 residual crack widths 
 
 
164 
 
 
Figure 5-20: PW2 residual crack widths 
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Figure 5-21: PW3 residual crack widths 
 
 
166 
 
Figure 5-22: PW4 residual crack widths 
 
The first thing to note from these figures is that early on in the loading, displacement 
levels of 0.21%, 0.34%, and 0.50%, the blue data points fall very close to the origin indicating 
that there is little or no significant residual crack widths on average, meaning that most of the 
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cracks are completely closed upon load reversal and not visible.  In fact, some of the boundary 
elements have a negative crack width which is indicative of a negative or compressive strain, 
which was caused by the initial gravity loading that was applied which put the entire wall in 
compression. 
Starting with the 0.75% drift displacement level noticeably residual crack widths start to 
form.  The residual crack widths begin to accumulate and the residual strain becomes positive 
indicating that there is a plastic elongation in the reinforcement on average.  At this point it 
should be noted that for any given displacement level, the number of cycles does not seem to 
have a significant effect on the accumulation of residual strain until the 1.0% and 1.5% 
displacement level.  At this point in the loading, the entire boundary element is heavily yielded 
and significant strain hardening is occurring which adds to the residual strain. 
These observations are amplified when plotted on top of one another in Figure 5-23.  
Figure 5-23 shows the residual crack widths only (blue data points from Figure 5-19, Figure 
5-20, Figure 5-21, and Figure 5-22) for all of the planar walls.  It can be seen that all of the 
walls have limited residual crack widths before the 0.75% drift level with the exception of PW3.  
PW3 begins to have some measurable residual crack widths around 0.50% drift level which 
makes sense because the reinforcement ratio for this wall is much less than the other three 
planar walls with heavily reinforced boundary elements. 
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Figure 5-23: Residual crack widths 
 
These results indicate that a measurable residual crack width will be observed for a wall 
system such as the one tested if drifts exceed 0.75%.  More importantly, at stabilized residual 
crack pattern will be observed after the event as seen in the Figure 5-24.  The residual crack 
width is proportional to the drift and related by the following equation: 
 0.016 0.01 0.62%resw d for d= − >  5-6 
Where d is the drift of the event in percent and wres is the residual crack width in inches. 
Equ. 5-6 
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Figure 5-24: Crack pattern at 0.75% drift for all planar wall test specimens 
 
5.8 Maximum Flexural Crack Width 
The maximum crack widths were calculated using the calculated vertical tensile strain up the 
height of the boundary element instead of the average tensile strain over the entire height of the 
bottom two stories.  The vertical straining up the height of boundary element can be seen in 
Figure 5-25 and Figure 5-26.  For clarity, only the tensile strain at the first cycle peak 
displacement level was plotted for all displacement levels.  It should be noted that the maximum 
vertical tensile strain for PW1, PW2, and PW3 occurs approximately 24 inches above the 
foundation indicating that the highest level of straining occurs at the lap splice interface. On the 
170 
other hand, PW4 did not have a lap splice but rather continuous reinforcement and most of the 
deformation and damage was located at the very base of the wall.   
 
 
Figure 5-25: Average vertical strain up the height of the planar walls (PW1 and PW2) 
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Figure 5-26: Average vertical strain up the height of the planar walls (PW3 and PW4) 
 
 
The maximum crack width can be plotted along the height of the wall by simply 
multiplying the vertical strain by the average crack spacing.  It was assumed that the average 
crack spacing, which was calculated up the entire height of the bottom two stories which was 
used for the average crack width calculation, could also be used for the maximum crack width 
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calculation.  By looking at the a crack map of PW2 in Figure 527 at a low drift level of 0.34% 
drift, it can be seen that there is already a very uniform crack pattern within the boundary 
elements meaning that this assumption to use the average crack spacing along the entire height 
is valid.  However, the crack pattern within the splice zone (Zone I in Figure 527) is not similar 
to the portion of the boundary element above the splice (Zone II in Figure 527).    Obviously, 
the state of stress within Zone I is much more complex due to the presence of the splice as well 
as the proximately to the base of wall with respect to the boundary conditions and stress 
concentrations.  The web region where cracks are inclined is denoted by Zone III in Figure 527. 
 
 
Figure 527: Crack map of PW2 step 590 at 0.34% drift 
 
I 
II 
III 
II 
I 
173 
 
Figure 5-28: PW1 and PW2 maximum crack width 
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Figure 5-29: PW3 and PW4 maximum crack width 
 
5.9 Axial Growth of Coupling Beams 
Coupling beams are heavily reinforced concrete elements that undergo a great deal of 
straining during a seismic event.  There are several factors that effect the demand and strength 
of coupling beams such as the aspect ratio, detailing of primary reinforcement, geometry of the 
structural system, and confinement within the coupling beam, but no matter what the demand on 
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the component is, the engineer must design the beam to exibit sufficient ductility.  Rotational 
ductility is of utmost importance with coupling beams because the coupling action or degree of 
coupling between adjacent wall piers is critical to achieve superior stiffness and ductility.  
Coupling beams elongate as they strain due to accumulation of plastic strain in the 
reinforcement.  The elongation introduces axial stress in the coupling beam which can actually 
increase the capacity of the coupling beam.  A plot of the axial strain in all three coupling 
beams can be seen in Figure 5-30.  The axial strain was measured using photogrammetric 
targets across the length of the coupling beams in which the targets were located within the wall 
piers.  
It should be noted that the axial strain on average increases over time and never returns 
to zero, suggesting that the coupling beams are indeed elongating.  Although coupling beams 
undergo combined actions of axial, shear, and bending forces, whereby the corners of the 
coupling beams cycle between tension and compression, adjacent corners of the coupling beams 
always exhibits the opposite action.  Such that if the top east corner of the coupling beam is 
opening, then the top west corner is closing, and thus across the top of the coupling beam the 
strain on average is always positive and growing.   
Second, it should be noted in Figure 5-30 that the strain at the top of the coupling beam 
is always greater in magitude than the strain at the bottom across all three coupling beams.  This 
suggests with no surprise that there is always some level of bending within the coupling beams.  
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Figure 5-30: Axial strain in coupling beams 
 
The axial strain for all three coupling beams has been plotted in Figure 5-31.  It can be 
seen that a higher level of straining was introduced into the top two coupling beams with a 
significantly less straining in the first floor coupling beam.  The magnitude of the elongation 
approaches 1.0% at the end of the loading at a drift of 2.25%.   
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Figure 5-31: Axial strain in coupling beams 
 
In addition to the axial growth of the coupling beam, the maximum crack widths were 
measured at each coupling beam.  They were measured using a crack width ruler traditionally 
used in the field.  The largest flexural crack and diagonal shear crack were measured at each 
displacement cycle peak and for each coupling beam.  A plot showing the maximum flexural 
crack width for each coupling beam can be seen in Figure 5-32.  The largest flexural crack 
occurred at the interface of the coupling beam and wall pier as one would expect.  This data 
suggests that the first floor coupling beam experienced less demand than the second and third 
story coupling beams.  Furthermore, it was observed that there were cracks distributed across 
the entire area of the coupling beam, the majority of the deformation was concentrated in the 
large flexural cracks at the edge of the coupling beams.  While it can be seen in Figure 5-32 that 
the maximum flexural crack widths ranged between 0.15 to 0.4 inches at the ultimate drift level, 
the maximum diagonal crack measure in each coupling beam was limited to 0.01, 0.005, and 
178 
0.015 inches for CB1, CB2, and CB3 respectively. This suggests that the demand on the 
coupling beams was dominated by flexural mechanisms and highly localized at the interface 
between the coupling beam and wall pier. 
 
 
Figure 5-32: Maximum flexural crack width in coupling beams for CW1 
 
Since it was observed that most of the deformation in the coupling beams was localized 
in the flexural crack that developed at the coupling beam and wall interface, a simplified 
elongation of the coupling beam can be estimated by the using the following equation: 
 cr
x
cb
w
L
ε =  5-7 
Where wcr is the crack width, Lcb is the length of the coupling beam taken as 24 inches, and εx is 
the horizontal strain across the coupling beam.  Using the maximum crack width at the ultimate 
condition of 0.15, 0.40, and 0.30 inches for CB1, CB2, and CB3 respectively as plotted in 
Figure 5-32, the maximum flexural strain, corresponding to εtop or εbot depending on the loading 
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direction as plotted in Figure 5-30 and Figure 5-31, is calculated as 6.25, 16.7, and 12.5 milli-
strain for CB1, CB2, and CB3 respectively.   This maximum strain values seem to correlate well 
with the measured axial growth of the coupling beams as measured by the photogrammetry 
targets plotted in Figure 5-30 and Figure 5-31. 
 
5.10 CW1 Strain Fields 
Nine high resolution (12 mega-pixels) Nikon D80 and D90 digital cameras were used to 
capture full field displacement measurements across the entire face of the coupled wall using 
digital close-range photogrammetry.  A total of 145 targets were used to capture x, y, and z data 
for each of these targets adding up to a total of 435 channels of data.  The data was compiled 
from the photographs using a software package called PhotoModeler 2010 and a custom 
wraparound Matlab script.  The x, y, and z displacement field data was further processed 
similarly to how nodal displacements from a finite element prediction to obtain full field strain 
information.  The mesh of photogrammetric targets was divided into 4-node quadrilateral (Q4) 
elements in which horizontal, vertical, and shear strains were calculated using Gaussian 
quadrature within Matlab.  For each Gauss point within the Q4 element, horizontal, vertical, and 
shear strains were calculated as follows: 
 
2
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y
xy
Bu
ε
ε ε
ε
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 5-8 
Where εx, εy, and εxy are the corresponding strain in the direction indicated, B is strain-
displacement matrix or the partial derivative of the shape functions, and u is the displacement 
vector of each element corresponding to the displacement field data captured using 





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photogrammetry.  Special attention was taken to properly determine the connectivity for each 
element.  The result is εx, εy, and εxy strain field data that can be plotted as shown in Figure 5-33, 
Figure 5-34, and Figure 5-35 respectively.  This information was calculated for every step in 
loading and can be used to produce high quality contour map videos.  Some of the videos 
developed by the NEESR Behavior, Analysis, and Design of Complex Wall research team can 
be found on www.NEES.org. 
 
 
Figure 5-33: CW1 –Horizontal Strain εx (Step 656) 
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Figure 5-34: CW1 – Vertical strain εy (Step 656) 
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Figure 5-35: CW1 – Shear strain γxy (Step 656) 
 
Figure 5-33, Figure 5-34, and Figure 5-35 are strain field contour maps corresponding to 
εx, εy, and εxy respectively for one snapshot in the loading of the specimen.  For this particular 
loading step, the specimen is at a displacement cycle peak of 0.75% drift and the direction of 
loading is to the right, or pushing east.  This type of data visualization makes it easy to access 
the relative demand on the specimen, specifically the coupling beams.  In all three contour maps, 
it can be seen that the demand on the second and third floor coupling beam is much greater than 
the demand on the first floor coupling beam.  Additionally, looking at the εy contour map, it can 
be seen that the depth of compression is shallow indicated by the vertical tension straining that 
has spread from the tension pier across to the compression pier.  It can also be seen that at the 
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base of the compression pier, the depth of compression is about half of the width of the 
compression pier indicated by the column of dark blue elements.  The εx contour map shows the 
localized straining at the corners of the coupling beams, which is consistent with the 
observation of the large axial strains in the coupling beam shown in Figure 5-31 and the crack 
widths shown in Figure 5-32. 
This type of data visualization expands the possibilities reinforced concrete research by 
allowing a researcher to compare a wide breath of data with analytical models.  A researcher is 
no longer limited to comparing an elaborate FEM model with large quantities of data to a finite 
number of physical instruments attached to an experiment.  Non-contact measurements, 
especially photogrammetry can be used to acquire dense displacement field measurements, even 
more dense than may have been used in the numerical model of the structure under examination.  
For the coupled wall test, it would have been feasible to affix more than 1,000 targets to the face 
of the wall leading to 3,000 channels of data.  Collecting this amount of data with traditional 
means of instrumentation would be uneconomical and impractical. 
 
5.11 Cracking in Web Region 
Until now, cracking has been studied extensively in the boundary elements where cracks 
form perpendicular to the primary longitudinal reinforcement.  These cracks are referred to as 
flexural cracks.  Inclined cracks, referred to as flexure-shear or shear cracks, are defined as 
cracks that form at an angle less than 90 degrees with respect to the longitudinal axis of the 
member.  Incline cracks usually occur when members are subjected to shear or a combination of 
stresses which produce a principal tensile force inclined to axis of the beam.  Inclined cracks are 
studied extensively in research experiments because they have such a fundamental impact on 
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the shear behavior of reinforced concrete elements.  Shear behavior and inclined cracking is 
considerably more difficult to predict and study.  A study of the observed cracking behavior of 
the planar walls and coupled wall test specimens will be studied in the following sections. 
In the case of a beam, inclined cracks occur in the web where shear stresses are resisted.  
Inclined cracking was observed in the planar walls and coupled wall test experiments.  The web 
region with the planar walls and coupled wall is defined as the region between the boundary 
elements.  The distance between the boundary elements can be seen within the section views of 
each wall type in Figure 3-4, Figure 3-6, and Figure 3-8.  It is clear from the crack maps that 
there is a discontinuity in the cracking patterns where the boundary element and web region 
meet denoted by the deviation from flexural cracks perpendicular to reinforcement in the 
boundary element to inclined cracks within the web. 
To measure inclined cracking in the experimental program the orientated scaled crack 
maps were needed.  Crack properties such as crack angle, crack spacing, and crack width  are 
valuable parameters to studying inclined cracking.  All of this information was extracted from 
the experiment program using the oriented scaled crack maps and the non-contact displacement 
field information.  The non-contact Nikon Metrology LED locations and the final crack maps 
are plotted on top of each other in Figure 5-36, Figure 5-37, Figure 5-38, and Figure 5-39.   
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Figure 5-36: PW1 final crack maps with Nikon Metrology target locations (PE and PW) 
 
 
Figure 5-37: PW2 final crack maps with Nikon Metrology target locations (PE and PW) 
 
 
Figure 5-38: PW3 final crack maps with Nikon Metrology target locations (PE and PW) 
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Figure 5-39: PW4 final crack maps with Nikon Metrology target locations (PE and PW) 
 
The crack spacing and crack width information was extracted from the data similar to 
the flexural cracking information that was captured in the boundary elements.  First, three pairs 
of LEDs were chosen whose strain measurement as measure by the change in displacement 
between the pair of LEDs was perpendicular to the primary angle of cracking within the web 
thus the strain measurement was directly proportional to the crack width identical to the way in 
which the cracks were studied for the boundary elements.  The locations of these three pairs of 
LEDs for each final crack map can be seen in Figure 5-40, Figure 5-41, Figure 5-42, and Figure 
5-43. 
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Figure 5-40: PW1 measured strain locations used to calculate crack spacing and crack width 
 
 
Figure 5-41: PW2 measured strain locations used to calculate crack spacing and crack width 
 
 
Figure 5-42: PW3 measured strain locations used to calculate crack spacing and crack width 
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Figure 5-43: PW4 measured strain locations used to calculate crack spacing and crack width 
 
 The number of cracks spanning the distance across the line connecting each pair of 
LEDs was used to determine the average crack spacing.  This measurement was conducted 
manually, and engineering judgment was used to count the primary cracks, not every single line 
spanning the strain measurement.  This was different from the script that was used to count 
“every” crack in the boundary element and average the number of cracks across several 
columns of pixels for the planar wall tests.  Since an average could not be used, this manual 
method was preferred.  A summary of the number of cracks counted across each pair of LEDs 
and the corresponding average crack spacing can be seen in Table 5-7.  The calculated average 
crack width is also presented in this table as wm = Smε1 using the maximum strain measured 
across the two LEDs.  The maximum strain value represented the maximum principal tensile 
strain in the web, perpendicular to the crack. 
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Table 57: Crack Summary of Web Region at Final Stage of Loading 
 
  
The crack spacing and crack width measurement statistics are presented in Table 58 and 
Table 59 respectively.  It can be seen that the average crack spacing is consistent across each 
wall such that the average measurements from pushing in each direction are similar, and do not 
deviate more than 1.0 inch.  However, the crack spacing range comparing each wall differs 
(difference between max and min values) no more than 3.0 inches.   
The most precise data is comes from PW3 which has a maximum standard deviation of 
0.2 inches.  This makes sense given that this wall was the only wall with uniformly distributed 
steel across the entire width of wall.  The reinforcement ratio in each direction remained 
constant across the entire face of the wall.  The average crack spacing in the web for PW3 is 5.2 
inches compared to 3.7 inches in the boundary element, or a difference of 1.5 inches.  This 
Wall Step
Loading 
Direction
LED1 LED2
Distance 
b/t LEDs 
(in)
Max 
Strain 
(in/in)
Num. 
Cracks
Ave. 
Spacing 
(in)
Ave. 
Crack 
Width 
(in)
PW1 720 Pushing East 179 365 60.7 0.0051 6 8.7 0.044
PW1 720 Pushing East 95 326 73.8 0.0089 9 7.4 0.066
PW1 720 Pushing East 62 203 51.5 0.0095 7 6.4 0.061
PW1 740 Pushing West 245 353 58.5 0.0035 9 5.9 0.020
PW1 740 Pushing West 119 266 67.1 0.0048 8 7.5 0.036
PW1 740 Pushing West 65 176 53.3 0.0064 5 8.9 0.057
PW2 1270 Pushing East 236 386 51.9 0.0048 8 5.8 0.028
PW2 1270 Pushing East 101 299 62.4 0.0086 11 5.2 0.045
PW2 1270 Pushing East 65 215 51.6 0.0057 7 6.4 0.037
PW2 1304 Pushing West 260 380 52.2 0.0057 8 5.8 0.033
PW2 1304 Pushing West 122 284 62.1 0.0036 11 5.2 0.019
PW2 1304 Pushing West 68 191 45.4 0.0039 5 7.6 0.029
PW3 1266 Pushing East 236 434 64.7 0.0123 11 5.4 0.066
PW3 1266 Pushing East 101 350 83.3 0.0069 15 5.2 0.036
PW3 1266 Pushing East 65 263 63.6 0.0051 11 5.3 0.027
PW3 1230 Pushing West 260 425 57.4 0.0043 10 5.2 0.022
PW3 1230 Pushing West 122 284 62.7 0.0074 11 5.2 0.039
PW3 1230 Pushing West 68 188 52.8 0.0045 10 4.8 0.022
PW4 1190 Pushing East 236 386 51.6 0.0028 7 6.5 0.018
PW4 1190 Pushing East 101 299 62.6 0.0041 7 7.8 0.032
PW4 1190 Pushing East 65 215 51.9 0.0021 6 7.4 0.016
PW4 1284 Pushing West 260 380 51.7 0.0037 9 5.2 0.019
PW4 1284 Pushing West 122 284 62.5 0.0043 8 6.9 0.030
PW4 1284 Pushing West 68 188 52.7 0.0037 7 6.6 0.024
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difference is much closer than the other planar walls which had a difference between the 
average crack spacing in the web and boundary element of 4.6, 3.2, and 3.9 inches for PW1, 
PW2, and PW4 respectively.  Excluding PW1 from this comparison because it was loaded 
differently and neglecting the effect of the splice, the only difference between PW2, PW3, and 
PW4 is the presence of heavily reinforced boundary elements compared to uniformly distributed 
steel.  This suggests that the discontinuity between the level of reinforcement at the interface 
between the web and boundary element has an effect on the crack spacing in reinforced concrete 
members. 
 
             Table 5-8: Inclined Crack Spacing in Web (inches) 
 
PE PW PE PW PE PW PE PW
meas. #1 8.7 5.9 5.8 5.8 5.4 5.2 6.5 5.2
meas. #2 7.4 7.5 5.2 5.2 5.2 5.2 7.8 6.9
meas. #3 6.4 8.9 6.4 7.6 5.3 4.8 7.4 6.6
min 6.4 5.9 5.2 5.2 5.2 4.8 6.5 5.2
max 8.7 8.9 6.4 7.6 5.4 5.2 7.8 6.9
average 7.5 7.4 5.8 6.2 5.3 5.1 7.2 6.2
median 7.4 7.5 5.8 5.8 5.3 5.2 7.4 6.6
sdev 0.9 1.2 0.5 1.0 0.1 0.2 0.6 0.8
PW1 PW2 PW3 PW4
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             Table 5-9: Inclined Crack Width in Web (in) 
 
 
Unlike the crack measurements in the boundary elements where the progression of 
cracking was studied, only the crack properties at the final state of the test were calculated for 
the web.  This was chosen because the angle of a crack does not change throughout the test and 
development of an inclined crack is less likely to change throughout the test.  This data is 
intended to provide a snapshot of the specimen in its ultimate state.  All of the data within Table 
5-7 is plotted in Figure 5-44 and Figure 5-45. 
 
PE PW PE PW PE PW PE PW
meas. #1 0.044 0.020 0.028 0.033 0.066 0.022 0.018 0.019
meas. #2 0.066 0.036 0.045 0.019 0.036 0.039 0.032 0.030
meas. #3 0.061 0.057 0.037 0.029 0.027 0.022 0.016 0.024
min 0.044 0.020 0.028 0.019 0.027 0.022 0.016 0.019
max 0.066 0.057 0.045 0.033 0.066 0.039 0.032 0.030
average 0.057 0.038 0.036 0.027 0.043 0.028 0.022 0.024
median 0.061 0.036 0.037 0.029 0.036 0.022 0.018 0.024
sdev 0.009 0.015 0.007 0.006 0.017 0.008 0.007 0.004
PW1 PW2 PW3 PW4
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Figure 5-44: Average crack spacing of inclined cracks at ultimate displacement 
 
The inclined crack spacing within the web ranges from 5 to 9 inches for all planar wall 
tests, for each planar wall experiment.  While the average tensile strain across the inclined 
cracks ranges from 0.003 to 0.013 in/in strain.  PW3 has the lowest crack spacing on average 
compared to the other planar wall tests.  This is consistent with the expectation that more steel 
within the web lowers the crack spacing.  
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Figure 5-45: Average crack width of inclined cracks at ultimate displacement 
 
The average crack width in the web for all of the planar walls can be seen in Figure 5-45.  
The range of average crack width ranges from about 0.02 in to 0.07 in which is a much greater 
range of values compared to the boundary elements as seen in Figure 5-18.  The range of 
flexural crack widths within the boundary elements only varies from about 0.02 to 0.03 inches 
at the final state of loading.  This makes sense from two reasons, the first being there is less 
steel in the web leading to wider cracks, and second there is the variability of cracking in the 
web is much greater than the well understood flexural cracking in the boundary elements. 
 
5.12 Crack Angle in Web Regions 
The angle of inclined cracking is an important component of reinforced concrete 
behavior.  The angle of a crack is defined as the angle with respect to the longitudinal axis of 
the member.  A visual depiction of this definition can be seen in Figure 5-46. This might seem 
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counter intuitive since most angles are measured from the horizontal axis, however, a shear wall 
is often simplified as a vertical cantilever beam in which the axis of the beam is measured along 
the vertical height of the building.  The angle of a crack has a direct effect on the contribution of 
the transverse steel to help resist shear stress.  A steep crack angle decreases the number or 
stirrups that cross the crack thus limiting the amount of steel that can be considered to be 
contributing to the shear resistance of the section.  
The angle of a crack was measured by selecting two points on the crack and calculating 
the slope of the line between the two points.  The two points were chosen directly on the crack 
map and a Matlab script was used to calculate the angle for a series of lines.  The series of lines 
that were used to measure the crack angle can be seen in Figure 5-46, Figure 5-47, Figure 5-48, 
and Figure 5-49.   
 
 
Figure 5-46: PW1 crack angle measurement locations 
 
θ 
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Figure 5-47: PW2 crack angle measurement locations 
 
 
Figure 5-48: PW3 crack angle measurement locations 
 
 
Figure 5-49: PW4 crack angle measurement locations 
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The measured crack angles and corresponding statistics can be seen in Table 5-10.  The 
first observation from the data suggests that the average angle of cracking is less than 45 
degrees which is a typical assumption to aid in the design of transverse reinforcement to resist 
shear.  Therefore, if this beam were designed as a simple beam the amount of transverse steel 
designed to resist to the shear demand would be over designed because more stirrups would 
cross the crack than idealized.  However, it should be noted that the cracks being measured fall 
within the bottom two stories of the 10-story building which means that these cracks are within 
a distance d of the support.  This means that these cracks fall within a discontinuity region and 
idealized principles of Bernoulli beam theory do not apply in this region.  Rather, shear 
deformations, the presence of a lap splice, and highly nonlinear reinforced concrete behavior 
lead to unconventional cracking and the formation of flexure-shear cracking.   
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         Table 5-10: Inclined Crack Angle Measurements for Planar Walls* (degrees) 
 
*Measured with respect to the longitudinal axis of the wall (vertical) 
 
It is important to note that the range of crack angles is very wide, such that the crack 
angle ranges from about 28 to 77 degrees, while the average crack angle sits around 47-53 
degrees for all of the planar walls.  While the average sits close to 45 degrees, the steep crack 
angles at the base of the wall increase the average a bit.  One would expect the average angle of 
cracking to be less than 45 degrees because there was a constant axial load of ten percent of the 
PE PW PE PW PE PW PE PW
33.8 39.9 38.3 37.9 27.6 30.3 33.5 37.9
40.5 42.1 38.6 40.8 35.3 40.2 39.4 38.0
53.1 38.6 32.7 39.5 37.6 46.9 40.0 44.5
48.5 54.8 34.8 46.8 39.9 30.6 40.1 46.3
55.2 51.7 42.6 55.0 69.8 55.1 44.2 52.8
59.2 45.4 47.7 42.1 38.7 63.6 52.0 42.2
56.7 43.9 44.9 29.8 66.9 43.6 60.1 40.9
56.4 49.7 33.1 61.1 61.2 69.4 66.1 25.7
66.2 55.7 49.2 51.7 40.1 44.3 74.9 46.9
46.2 44.7 44.7 55.8 50.2 58.6 58.5
71.0 65.2 52.8 37.0 29.6 55.3 55.9
45.9 56.0 48.5 39.3 40.2 38.4
65.9 54.8 58.5 63.0 45.3 56.7
52.1 63.4 53.1 55.8 47.0
43.9 51.5 39.5 58.0 70.3
70.0 69.3 49.5
74.3 76.9 62.6
55.2 57.3
64.3
min 33.8 38.6 32.7 29.8 27.6 30.3 33.5 25.7
max 71.0 65.9 74.3 63.4 76.9 69.4 74.9 70.3
average 53.4 49.5 47.7 48.0 49.6 51.1 50.1 46.8
median 55.2 45.9 44.9 48.5 45.2 55.1 44.2 46.3
sdev 10.3 8.5 11.4 9.5 14.8 10.9 13.3 10.5
PW1 PW2 PW3 PW4
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gross axial capacity of the specimen.  The angle of cracking becomes shallower as the axial load 
increases because the principal tensile stress from the combined action of compression and 
bending rotate the angle of principal tension down.  Mohr’s circle can be used to prove this 
principle.  However, this principle applies to Bernoulli beam theory and begins to break down 
in a discontinuity region at the base of a wall.  This suggests that the number of stirrups 
resisting the largest shear demand at the base of the wall might not be conservative according to 
the ACI code.  Typically, for a beam uniformly loaded, the load applied to the end of the beam, 
within a distance d from the support is considered to flow directly into the support via strut-
action and does not need to be resisted in shear.  However, in the case of a shear wall where 
shear is enters to the wall at the story levels as “concentrated loads,” all of the shear force must 
be resisted by the section at the base. 
The angle of cracking in the web for the coupled wall was studied in more detail since 
cracks were recorded for the full height of the three story specimen.  Cracks were measured at 
each of the three story levels and for each pier denoted as the compression and tension pier.  
The series of cracks measured for the coupled wall can be seen in Figure 5-50.  Figure 5-50 
shows the cracking and spalling of CW1.  The different shading indicates the direction of 
loading and the blacked out regions indicate concrete spalling.  For a given direction diagonal 
cracks extended from the tension wall to the compression wall indicating a strong coupling 
between each wall pier. 
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Figure 5-50: CW1 crack angle measurement locations 
 
A summary of the measured crack angles and statistics can be seen in Table 5-11.  
Comparing the crack observations in the tension pier to the compression pier, it can be seen that 
the angle of cracking in the tension pier is much steeper (almost perpendicular to the 
longitudinal axis of the wall) than the compression pier which is indicative of the difference in 
sign of the axial load in each pier at the ultimate condition.  However, it can be seen that the 
angle of cracking in the upper two stories of the tension pier have inclined cracks relative to the 
base of the tension pier which has only a few cracks at almost 70-80 degrees as measured with 
respect to the longitudinal axis of the beam.  This suggests that the upper stories of the tension 
pier resist some component of shear force but as the shear force flows into the compression pier 
through the link beams, resulting in an increase in axial load in the compression pier.  It is no 
surprise that the compression pier is attracting the shear force since this pier is much stiffer in 
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the axial direction.  The compressive axial load acting on compressive pier is the sum of the 
cumulative overturning moment and the additional axial load which is introduced from the 
shear force that is being resisted by the coupling beams. It can be argued that the entire shear 
force is being resisted by the stiffer compression pier and each pier should be designed to resist 
the full shear demand on the wall.   
 
Table 5-11: Inclined Crack Angle Measurements for CW1* (degrees) 
 
*Measured with respect to the longitudinal axis of each wall pier (vertical) 
 
Looking at the crack angles in the compression pier, it can be seen that the angle of 
cracking is much shallower than the tension pier due to the increase in compressive axial load.  
The upper stories of the compression pier have a very shallow crack angle.  The average angle 
of cracking in the compression pier for the second and third stories was 23 to 30.2 degrees and 
25.1 to 36.9 degrees respectively.  Conversely, it may be expected that the first story would 
have the shallowest crack angles because the axial load is increasing toward the base of the wall 
because additional axial load is flowing into the compression pier from the first story link beam, 
1st Story 2nd Story 3rd Story 1st Story 2nd Story 3rd Story 1st Story 2nd Story 3rd Story 1st Story 2nd Story 3rd Story
41.6 28.2 24.7 76.7 58.0 39.5 46.4 39.9 42.0 52.8 68.5 44.5
44.2 4.8 40.9 66.0 61.0 39.9 44.5 33.6 16.5 74.5 50.3 42.6
43.6 35.3 12.9 80.2 57.4 48.5 48.2 48.2 43.6 60.7 52.9 45.0
59.4 14.5 13.4 49.6 50.6 41.3 42.5 74.0 49.6 46.3
42.8 52.0 51.5 19.1 6.2 65.3 45.4
24.8 65.6 44.1 26.4 66.3 58.7
55.3 41.3 74.1
58.7 45.9
min 41.6 4.8 12.9 66.0 49.6 39.5 44.5 19.1 6.2 52.8 49.6 42.6
max 59.4 42.8 40.9 80.2 65.6 58.7 48.2 48.2 43.6 74.5 74.1 58.7
average 47.2 25.1 23.0 74.3 57.2 48.5 46.4 36.9 30.2 65.5 61.0 47.1
median 43.9 26.5 19.1 76.7 57.7 49.5 46.4 40.6 42.0 67.3 65.3 45.2
sdev 7.1 12.6 11.4 6.1 5.3 6.5 1.5 9.3 15.7 9.2 9.1 5.3
Pushing East Pushing West
Comp Pier Ten. Pier Comp Pier Ten. Pier
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but this is not the case.  Rather, the first story had an average angle of cracking around 45 
degrees.  This is indicative of two effects, the first being that the demand on the first floor 
coupling beam was minor relative to the second and third story coupling beams, suggesting that 
there was not much shear force being introduced at this level.  This was observed in the local 
damage as well as the rotational and displacement demand imposed on the beam.  For example, 
the stain across the first floor coupling beam (CB1) than the upper story coupling beams (CB2 
and CB3) as shown in Figure 5-31 and Figure 5-35.  Secondly, if a strut forms from the 
coupling beams pointing to the compression toe, then the theoretical angle of the strut as 
measured from the mid-height of the coupling beam to the centroid of the compression toe 
boundary element would be 44.3 degrees which is close to the measured average crack angle of 
47.2 and 46.4 degrees for the compression piers pushing to the east and west respectively.  
For the design of wall piers to resist shear demands, ACI suggests to calculate shear 
demands from an elastic analysis using an effective stiffness of 0.35EI for each wall pier.  Thus, 
the design shear demand in each pier would be half the total design force.  The IBC seismic 
design manual, Vol. 3 suggests the same demand in each pier.  Obviously, the actual shear 
demand on each wall pier relates to their stiffness, which is correlated to the axial load each pier 
is resisting.  However, this is only true for the nonlinear regime, prior to yielding the shear 
demand in each wall pier should be about the same.  Jake Turgeon was a member of this 
NEESR project research team group who extensively studied the coupled wall and has shown 
that at yield and beyond, the shear demand in the compression pier is on order of 90% of total 
base shear and 10% for the tension pier (Turgeon, 2011).  
Using this theory and the ACI code to design the transverse reinforcement in the wall 
piers, one would be assuming a 45 degree crack angle according to the parallel-chord truss 
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model, which is incorrect based on the cracking patterns in the coupled wall test.  The data from 
the coupled wall test suggests that shear force being transferred through the coupling beams into 
the compression pier is forming a direct strut pointing toward the compression toe in the 
boundary element as shown in Figure 5-51.  A theoretical model to calculate the angle of 
cracking within each story can be used to the design the transverse shear reinforcement in the 
wall piers.   If one considers that a strut forming from the mid-height of the coupling beam at 
the interface of the wall pier to the centroid of the compression toe boundary element, then the 
angle of cracking at the first story can be calculated as follows: 
 tan
w
h
θ =  5-9 
Where w is defined as the width of the compression wall pier minus half the width of the 
compression toe boundary element, and h is the height of the first story minus half the depth of 
the first floor coupling beam.  This formula could be generalized to calculate the angle of 
cracking at any floor by changing h to be the elevation of the top of the story minus the depth of 
the coupling beam at that floor level.  This means the angle of cracking would be inversely 
proportional to the elevation of the floor, approaching zero as one moves up the height of the 
coupled shear wall.  It would not make sense to assume the angle of cracking to be essentially 
flat for upper stories, so an upper limit on h should be used to limit the angle of cracking to a 
reasonable value.  The upper limit of h should be taken as no more than the sum of the floor in 
consideration and the floor below.  It is also suggested that an upper limited to the crack angle 
would be 45 degrees.  Using this theory, the theoretical angle of cracking for the three stories 
within CW1 would be calculated as 44.3, 24.5, and 23.1 degrees for floor 1, 2 and 3 
respectively.  These crack angles match the average angle of cracking in the compressive pier 
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for the three stories as shown in Table 5-11 and the projected struts as shown in Figure 5-51 
from the crack pattern. 
 
 
Figure 5-51: Compressive struts pointing toward compressive toe indicated by the crack pattern 
 
This design procedure would be favorable to designers because this would concentrate 
the most amount of transverse steel at the base of the wall where the shear demand is the 
greatest and a lower amount of steel in the upper stories where the shallower crack angle would 
engage more stirrups or transverse bars across the crack.  Additionally, it would be favorable to 
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calculate an angle of cracking without knowing actual demands on the structure, but from 
geometry alone.  
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CHAPTER 6:  Analytical Modeling of the Tensile Response of Planar 
Walls 
 
This chapter presents a comparison of the tensile response, specifically the effect of 
tension stiffening, between the experimental results and an analytical model of the planar wall 
tests.  The tensile response of reinforced concrete elements are particularly important when 
modeling reinforced concrete walls.  Because walls are used primarily as lateral load resisting 
structural elements, it is critical to predict their lateral stiffness accurately.  While there are 
many good engineering models and principles used to determine the strength of a wall, the same 
cannot be said for the stiffness or ductility of a wall.  Furthermore, the forces or demands on a 
structural element are directly related to the assumed stiffness of the element.  If the stiffness is 
under predicted, then the structural element may not have been adequately designed for the 
actual loads imposed on the structure.  If the stiffness is over predicted, then the structural 
element may have been overdesigned, such that an uneconomical amount of material was used.  
The initial stiffness and tension stiffening effect which are inherently related to cracking, all 
contribute to the effective stiffness of the wall and thus must be accurately modeled to properly 
design a wall to resist the loads or demand that will be attracted to the wall.  A comparison of 
the cracking pattern and damage states as predicted by the analytical model were compared with 
the detailed crack maps that were created for each planar wall specimen.  The effect of tension 
stiffening was explored in this chapter and compared with the experimental results as it relates 
to the post cracking stiffness of the response.  Similarly, a comparison of the initial stiffness of 
the walls as predicted by the analytical model was compared with the experimental results.   
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6.1 Introduction to the Model 
The planar walls were modeled with a finite element package called VecTor2 (VT2), a 
planar continuum finite element program developed at the University of Toronto under the 
guidance of Frank Vecchio.  The program incorporates nonlinear concrete behavior based on 
the Modified Compression Field Theory (MCFT) and the Disturbed Stress Field Model (DSFM).  
VecTor2 incorporates a selection of concrete models to captured detailed reinforced concrete 
behavior including bond, confinement, tension stiffening, compression softening, and cracking. 
The model developed in this study uses four-node quadrilateral elements with smeared 
reinforcements corresponding to the specimen’s design.  Elements in the wall typically measure 
5 inches on a side.  The overall model is presented in Figure 6-1 where elements with like 
colors share the same concrete and reinforcement material properties.  Material properties were 
set based on the actual material used in the physical specimen as presented in Section 3.5 of this 
thesis. 
VecTor2 has a number of built-in models to accommodate both concrete and steel 
reinforcement behavior.  For modeling concrete, pre-peak response was captured with the 
parabolic Hognestad model, with post-peak reponse calculated with the Modified Park-Kent 
model (Kent & Park, 1971).  Compression softening is accounted for with the Vecchio 1992-A 
model, which applies reduction to both peak compressive strength and strain.  Tension 
stiffening was handled with the Modified Bentz 2003 model, and tension softening was handled 
in a linear manner.  Tension splitting was not considered.  Steel reinforcement hysteretic 
response was calculated with the Seckin model with Bauschinger effect.  System-wide, 
geometry nonlinearity effects were included. 
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Figure 61: VecTor2 FEM model of planar walls 
 
Proper loading and boundary conditions were applied to the model to simulate the 
loading that was applied to the actual specimens.  In order to impose reverse cyclic loading on 
the model a Matlab wraparound script was implemented because VecTor2 does not allow the 
user to define the loading in the manner that it was applied to the specimen.  To impose the 
proper moment to shear ratio that was used in the experiments, the sum of the lateral forces 
were applied at the effective height.   This in turn creates the proper shear to moment ratio at the 
base of the wall similar to how the loads were physically applied in the experiment as defined in 
Figure 32.  The axial loading was applied uniformly to the top of the model such that the stress 
was 0.10(f’c).   Boundary conditions include fixing all nodes at the base against vertical and 
horizontal translations.   
heff 
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6.2 Crack Pattern Comparison 
VecTor2 determines whether or not an element is cracked using the MCFT.  The MCFT 
calculates the principal compressive and tensile directions based on Mohr’s circle of stress and 
principles of equilibrium.  The MCFT is a smeared rotating angle crack model where the angle 
of cracking is aligned with the principal tension direction.   If the principal tensile stress exceeds 
the cracking stress, the element is considered cracked.  The crack width is calculated and is 
directly proportional to the crack spacing which is a user defined parameter, thus the crack 
spacing must be known ahead of time by using empirical formulations.  The crack spacing must 
be defined for each concrete element type as shown as the different colors in Figure 6-1.   
Augustus is the post processer for VecTor2 used primarily for data visualization.  An 
example of how Augustus depicts the cracked condition of each element for the planar walls can 
be seen in Figure 6-2(b).  The orientation of the crack signifies the crack angle, and as discussed 
earlier this angle can change throughout the loading.  Augustus displays the crack width as a red 
line of three line weights, light, medium, and heavy, corresponding to a crack width less than 1 
mm, between 1 and 2 mm, and greater than 2 mm respectively.  The final crack pattern for each 
planar wall test is compared to the VecTor2 prediction as shown in Figure 6-2, Figure 6-3, 
Figure 6-4, and Figure 6-5. 
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(a)                                                                  (b) 
Figure 6-2: PW1 final crack pattern 
 
  
(b)                                                                  (b) 
 
Figure 6-3: PW2 final crack pattern 
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(c)                                                                  (b) 
 
Figure 6-4: PW3 final crack pattern 
 
  
(d)                                                                  (b) 
 
Figure 6-5: PW4 final crack pattern 
 
As shown in the preceding four figures, the overall measured and FEM predicted crack 
maps compare well.  The area of cracked concrete is about the same suggesting that the 
analytical model captures the effective stiffness and distribution of damage of the wall.  The 
final crack angles in the boundary element and web are about the same.  While a rotating crack 
model is used for analytical modeling purposes, rotating cracks are not observed in reality.  
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Once a concrete element cracks, that localized crack continues to open and grow, but it does not 
rotate locally.  The cracks in the boundary element are not perpendicular to the reinforcement in 
the FEM crack map and possibly related to the allowance of the crack angle to rotate throughout 
the loading to maintain equilibrium.   
The transition from the boundary element to the web in the experimental crack map is 
denoted by the transition from tightly spaced band of cracks in the boundary element to inclined 
and more widely spaced cracks in the web.  This transition is not evident from crack spacing in 
the FEM model because the model does not predict crack spacing.  However, this transition can 
be seen from the wider cracks indicated by the thick red lines in the FEM crack maps, with the 
exception of the PW3, are wider in the web region.  There seems to be a discontinuity at the 
boundary element and web region denoted by the heavier weighted red lines at the interface.  
On the other hand, for PW3 which has the same longitudinal reinforcement ratio across the 
entire width of the wall, the thicker cracks are evenly spread across the wall, similar to the 
experimental crack pattern.  Despite VecTor2’s ability to capture a similar cracking pattern or 
region of yielding, it does not predict the crack spacing, which in turn means the values for 
crack width are inherently defined by the user.  However, one should note that VecTor2 does 
not capture the inherent local damage that ultimately causes the premature failure of all four 
walls.  While it does a sufficient job at predicting the strength of the specimens, it does not 
predict the ductility or local damage which ultimately leads to the failure of the specimen.  One 
of the reasons it does not predict local damage is from the FEM architecture whereby 
deformation is spread across finite elements that are all connected together.  In other words, 
VecTor2 distributions deformations across a much larger area thus reducing stress 
concentrations which occur naturally in real structures and experiments.  This lack of local 
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damage must be considered carefully when designing for damage states such as for seismic 
design classes and performance based design methods.  Without a means to adequately predict 
damage states such as crushing, spalling, cracks of a sufficient width, etc. performance based 
design methods should be used with caution and special attention should be taken when 
determining the extent and probability of damage states being considered.  However, the 
NEESR Behavior, Analysis, and Design of Complex Wall Systems research group has shown 
from testing that aspects of reinforced concrete design such as reinforcement detailing of a 
splice, loading, and reinforcement distribution can have a dramatic effect on local damage 
leading to premature failures.  More experimental testing is needed to validate performance 
based design procedures to aid designers.  
 
6.3 Introduction to Tension Stiffening in Structural Walls 
Tension stiffening (TS) is a vital component of reinforced concrete behavior which 
greatly affects the post cracking characteristics of structures. Because shear walls are primarily 
used to resist lateral loads because of their stiffness characteristics, it is important to understand 
the components of reinforced concrete behavior that effect stiffness.  One of those components 
related to the tensile response of reinforced concrete structures is tension stiffening.  Tension 
stiffening is defined as the ability of plain concrete to resist tensile stresses between adjacent 
cracks in a reinforced concrete element.  After a structural member cracks, the stress in the 
concrete at the crack location is intuitively zero and the reinforcement takes the entire tensile 
load.  However, the concrete will still support tensile stresses between adjacent cracks due to 
the transfer through bond between the reinforcement and the concrete.  The concrete 
contribution diminishes as cracking and damage progresses with the increasing average tensile 
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strain (ε1).  Figure 6-7 depicts the general behavior of a tension stiffening model whereby the 
average tensile stress in the concrete is linear elastic until cracking and then decays 
exponentially with increasing tensile straining.  More background information regarding tension 
stiffening can be found in Section 2.1.  Figure 6-6 was created from two separate VT2 analyses.  
One analysis included the modified Bentz 2003 model for tension stiffening, whereby the post 
cracking tensile contribution of concrete decays exponentially with increasing strain.  The other 
model does not include a tension stiffening model where the post cracking tensile contribution 
of concrete is equal to zero. 
 
 
Figure 6-6: PW4 VecTor2 Analysis with and without tension stiffening 
 
The figure shows that the initial elastic stiffness of the structure is nearly identical as the 
linear elastic portion of the tensile strength of the concrete is the same with and without tension 
stiffening.  However, after cracking occurs the models differ greatly in that the model with 
tension stiffening is much stiffer in which the strength is increased for the same level of 
displacement.  This makes sense in that although the concrete is cracked, the concrete between 
the cracks is contributing to resist the average tensile stress on the structure.  However, as 
cracking progresses and begins to form a stabilized cracking pattern indicating that the stress in 
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the concrete between adjacent cracks is not increasing to form new cracks, both models stabilize 
at about the same nominal and ultimate strength.  As with all tension stiffening models the 
contribution of concrete approaches zero in proportion to increase in strain.  Figure 6-7 shows 
an additional crack check at the later portion of a typical tension stiffening model which could 
be enforced to limit the tensile contribution of concrete after the structural has experienced 
significant cracking.   
 
 
Figure 6-7: Typical tension stiffening model with crack check condition (Selby & Vecchio, 
1997) 
  
The total of the average tensile force resisted by the concrete and the average tensile 
force resisted by the reinforcement cannot be greater than the force carried across a crack, 
otherwise this would not satisfy equilibrium at the crack.  Because plain concrete cannot carry 
tensile stress across a crack due to slip along the crack from the loss of bond at a crack, 
equilibrium must be checked to ensure that the concrete tensile stress can be transmitted across 
the crack.  The average tensile stress in the concrete must not be greater than the sum of the 
reserve of strength of the reinforcement direction perpendicular to the crack.  If this condition is 
violated, then the average tensile strength in the concrete must be reduced according as shown 
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in Figure 6-7 (Selby & Vecchio, 1997).  In other words, at some point the contribution of 
concrete must be zero such that only the reinforcement is carrying tensile loads. 
A comparison between the analytical models including and excluding tension stiffening 
have been compared to the experimental results of the planar wall tests.  A backbone envelope 
of the positive portion of the load displacement curve is plotted and compared in Figure 6-8. 
 
 
Figure 6-8: Tension stiffening comparison of base moment for planar walls 
 
All three load-displacement curves have nearly identical elastic stiffness characteristics 
as expected for all four planar wall tests, noting that there is no fundamental difference between 
tension stiffening models in the elastic region (pre-cracking).  However, after cracking occurs 
which is denoted by the deviation from the initial slope of the linear elastic portion of the curve, 
it is easier to see that the analytical model without tension stiffening (green line) is less stiff 
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than the experimental results for the post cracking and pre-yielding zone in all cases.  This is 
because after cracking, the assumed strength of concrete in tension is taken as zero.  Conversely, 
the analytical model including tension stiffening matches well and better in all cases compared 
to the curves without tension stiffening.  Additionally, once the wall begins to yield 
significantly as indicated by the plastic action of the load displacement curve, the three curves 
meet back up at about the same nominal strength.  To reiterate what has already been said, after 
cracking the tensile contribution of concrete decays with increasing demand. 
 
6.4 Tension Stiffening Results from Planar Wall Tests 
Tension stiffening is a difficult topic to study in real structures because the average 
tensile stress in the concrete cannot be directly measured.  In the case of the planar wall tests the 
boundary element is the primary component of the structure resisting tension from the moment 
and tension being applied from the lateral force distribution, and consequently the force in the 
element can calculated but not directly measured.  Conversely, tension stiffening has been 
studied extensively in reinforced concrete direct tension tests and membrane element tests such 
as the tests studied by Collins and Mitchell to derive the MCFT.  In these tests, the force on an 
element (N shown in Figure 6-9 and Figure 6-10) was measured directly using load cells.    Next 
the average strain in the steel was measured using an LVDT spanning the region of interest, and 
converted to a force using constitutive models (Ns in Figure 6-10).  The average tensile force in 
the concrete (Nc in Figure 6-10) can then be solved for as the only unknown in the system, and 
converted to an average stress by dividing by the area of concrete.   
Because the tension force in the boundary element in the planar wall tests could not be 
measured directly, an alternative approach was taken.  The reinforcement is expected to carry 
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nearly all of the tensile force in the boundary element at a crack, particularly as cracking 
becomes quite extensive.  It is assumed in the subsequent analysis that a strain gauge on a 
reinforcing bar in the boundary element reading the largest strain would be located sufficiently 
close to at a crack that the total force within the boundary element would be quite close to: 
 ( ), ,s cr s s cr s crN N A f A f ε= = =  6-1 
Where N is the total tension force on the boundary element, As is the area of steel in the 
boundary element, Ns,cr is the tension force in the steel at a crack, fs is the stress in the steel, and 
εcr is the strain in the reinforcement at the crack.  Next the average principal tensile strain is 
measured using Nikon Metrology measurements over the height of the boundary element under 
consideration.  Using this measurement and the total tensile force on the boundary element, the 
average stress in the steel can be computed using the following equation: 
 ( ), , 1s ave s s ave sN A f A f ε= =  6-2 
Where Ns,ave is the average force being resisted by the reinforcement, fs,ave is the average stress 
in the reinforcement, and ε1 is the average principal tensile strain.  Finally, the tensile concrete 
contribution can be solved for as follows: 
 
, ,c ave s aveN N N= −  6-3 
 ,,
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c ave
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N
f
A
=  6-4 
Where Nc,ave is the average tension force being resisted in the boundary element, fc,ave is the 
average tensile stress in the concrete, and Ac is the area of concrete which is equal to the gross 
area of the boundary element minus the area of steel.  Since there were a significant number of 
strain gauges on reinforcing bars in the boundary element, it was assumed that one of the strain 
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gauges would be located close enough to a crack to measure the total tensile force on the 
boundary element accurately. 
 
 
Figure 6-9: Load sharing between concrete and reinforcement (Collins & Mitchell, 1987) 
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Figure 6-10: Plot of load sharing between concrete and steel (Collins & Mitchell, 1987) 
 
 
Figure 6-11: Tension stiffening model: average stress in concrete versus average straining 
(Collins & Mitchell, 1987) 
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The theoretical solution of the procedure described above can see seen in the two plots 
in Figure 6-10 and Figure 6-11, thus providing a tension stiffening relationship.  The 
experimental data has been plotted in Figure 6-12 and Figure 6-13.  The solid black curves in 
Figure 6-12 represent the theoretical linear elastic uncracked portion of the loading curve and 
the bare bar response accounting for the proper material properties for the given planar wall test.  
It is no surprise that the experimental data does not match the elastic portion of the curve 
because the strain gauges being used to derive the total tension force are not straining much 
during the uncracked state.  Also, this portion of the curve is well understood and does not need 
to be captured to learn much from, rather the portion of the curve after cracking is what relates 
directly to tension stiffening.  This portion of the curve seems to track closely to the bare bar 
response but slightly stronger suggesting that the concrete is carrying a portion of the average 
tensile stress in the boundary element.  The cyclic nature of the loading may have reduced the 
effect of tension stiffening early on in the post cracking state of the loading thus closely tracking 
the bare bar response.  The data points are from each displacement cycle peak and there is no 
indication from the data that suggests that tension stiffening degrades significantly from 
increasing the number of cycles at the same displacement level.  Looking at Figure 6-13 there is 
not a clear and clean relationship to develop a model of the tension stiffening relationship for 
the planar walls but it does suggest that the response may be much lower than expected as the 
black curve plotted in these figures is the traditional Collins and Mitchell tension stiffening 
relationship.  However, the calculated value of the average tensile stress in the concrete is the 
small difference between two large numbers, and a close agreement between predicted and 
measured values should not be expected. 
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Figure 6-12: Tension force in the boundary element 
 
 
The bare bar response that was plotted in Figure 6-12 was limited to the yield stress of 
the bar and thus does not capture strain hardening of the reinforcement.  In the case of PW4 in 
Figure 6-12 it can be seen that after yielding occurs there is an increase in the total tension force 
that is greater than the bare bar response.  This may be a result of strain hardening from the 
strain measured in the reinforcing bars. 
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Figure 6-13: Average tensile stress in the concrete in the boundary element 
 
6.5 Elastic Stiffness Reduction from Shrinkage 
The initial stiffness of structural walls can be reduced from shrinkage induced cracking, 
when restrained from shrinkage.  When modeling each of the planar walls, the initial elastic 
stiffness of the walls was less than that which was predicted from the analytical models.  It was 
determined that the wall was initially cracked from shrinkage which would have reduced the 
initial stiffness.  The reinforcement within the wall was restraining the concrete surrounding the 
reinforcement from shrinking and thus cracking the specimen before testing.  Rather than 
changing the material properties of the concrete or reinforcing bars, which were measured, not 
estimated, it made more sense to impose a uniform shrinkage strain across the wall to crack and 
induce a lower elastic stiffness.  
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A prestrain of -0.4 milli-strain was added across all elements within the model to impose 
a slight amount of cracking before the cyclic loading history was run.  This value was used 
based on the observations from Palermo during his experimental and analytical testing plan 
(Palermo, 2002). 
 
 
Figure 6-14: Cracking from induced shrinkage strain 
 
While reducing the elastic stiffness of an analytical model is not common because linear 
elastic predictions are very well understood by engineers, there may be a disconnect from that 
which is modeled and that which is built in the field or laboratory with respect to structural 
walls.  For example, it may be the case that shrinkage, openings, temperature gradients during 
construction, and slabs and beams framing into structural walls may induce unwanted restraints 
and prestains that could cause cracking even before lateral loads are imposed on a structural 
wall in that the initial elastic stiffness may be reduced compared to the ideal structure modeled 
with any FEM package.  
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A comparison of two FEM analyses and the experimental data from PW3 is presented in 
Figure 6-15.  One of the FEM models was a static pushover analysis with an initial -0.4 milli-
strain prestrain or shrinkage strain, and the other did not have a prestrain.  The backbone curve 
from the positive half of the loading cycles from the experimental data for PW3 is plotted as 
well.  The entire loading history is shown and the initial elastic stiffness of the experimental 
data is less stiff than the FEM analysis without a prestrain.     
 
 
Figure 6-15: Prestrain comparison for PW3 plotting base moment 
 
The original model without a prestrain, but including tension stiffening (red curve) over predicts 
the initial stiffness and the curve with a prestrain but without tension stiffening (green curve) 
greatly under predicts the response.  This is a great example how two aspects of the tensile 
response of reinforced concrete can significantly affect a prediction from a FEM model.  To 
reiterate what has already been said, the portion of the curve that is affected the most by these 
two aspects of the tensile response of reinforce concrete is the pre-yielding region, or the region 
that characterizes the stiffness of the structure.   
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While the tensile contribution of concrete may not contribute significantly to the 
strength or ductility of a structure, the stiffness is greatly affected and therefore should be 
considered when designing a structure to satisfy serviceability requirements from moderate 
earthquakes and wind events.  Tension stiffening is a key component when modeling the post 
cracking pre-yielding stiffness of a reinforced concrete structure.  Additionally, when modeling 
reinforced concrete structures, it should be understood that deformations are smeared across the 
structure in which a more ductile response may be predicted if local damage states as a result of 
spalling, crushing, bond degradation, strain hardening, and rupture are not included in the 
analysis which typically lead to failure of real reinforced concrete structures. 
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CHAPTER 7:  Conclusions and Recommendations 
 
7.1 Conclusions on Overall Wall Response 
Dense data was collected in the NEESR wall project to study of the design, behavior, 
and analysis of reinforced concrete walls.  The primary objective of this thesis was to record 
and evaluate the cracking behavior of the planar walls and coupled wall tests within the NEESR 
wall project.  The primary conclusions from this thesis will be reiterated and summarized in this 
chapter.   
7.1.1 Planar Wall Conclusions 
The four planar wall tests were unique in that a more fully realistic loading was applied 
using the multi-degree-of-freedom mixed-mode control of the LBCBs within the MUST-SIM 
facility at the University of Illinois at Urbana-Champaign, making these tests benchmark studies 
to compare previous experimental data with future data to come.  The observations and lessons 
learned from the planar walls tests are important especially when considering nonlinear 
behavior, detailing of reinforcement, and design of structural walls. 
• The drift capacity of the three story test specimens ranged from 1.0% to 1.5 %. 
The computed roof drift capacity of the 10-story walls ranged from 1.4% to 2.1%.  
These values are much lower than originally anticipated suggesting that local 
damage can lead to premature failure of these types of walls. 
• Walls with a lower effective height and shear demand-capacity ratio of 
approximately 1.0 had lower drift capacities and exhibited more rapid strength 
loss. 
227 
• Altering the moment-shear ratio to reduce the effective height of the base shear 
force significantly impacted the failure mechanism. In the walls tested, the 
failure mechanism changed from flexure (bar fracture in PW1) to compression-
shear (concrete crushing and bar buckling in PW2, PW3, and PW4). 
• Damage to the wall always initiated at the top of the splice, when present, 
suggesting that the splice can impact the seismic performance.  It is hypothesized 
that the compression boundary element had twice the amount of steel within the 
lap length leading to an inherent increase in capacity at this location leading to a 
compression failure immediately above the splice. 
• Specimen PW3 was detailed with the longitudinal reinforcement distributed over 
its length, and all reinforcement was spliced at the same height. Thus, damage 
was concentrated along a single plane at the top of the splice; damage initiated in 
the interior wall and progressed to the sides. This wall exhibited earlier initiation 
of damage and reduced drift capacity compared to PW2. 
• On average in the post-yield regime, base rotation contributed approximately 20% 
to total drift, flexure contributed 60% and shear contributed 20%. For specimen 
PW4 with no splice, the contribution of base rotation was relatively higher and 
the contribution of flexure was relatively lower than in the other tests. For 
Specimens PW2 and PW3, an additional mechanism, likely resulting from the 
combination of high shear demand and spliced longitudinal steel, contributed 
significantly to the total drift.  
• The effective elastic flexural secant stiffness to yield range from 0.3EcIg to 
0.5EcIg, and the effective elastic shear stiffness to yield was approximately 
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0.1GA for all walls. These values of were used to project drift at the top of the 
specimen to drift at the top of the 10-story wall. The variation in effective 
flexural stiffness had negligible impact on computed roof drift. 
• Comparing damage progression of the planar wall specimens with that observed 
in previous tests indicates lower drift capacities corresponding to more severe 
damage states, an important finding for the development of accurate 
performance-based seismic engineering tools for modern structural walls. 
 
7.1.2 Coupled Wall Conclusions 
The coupled wall test was undoubtedly the most difficult of the five wall tests conducted 
in this study, yet also the most successful experiment.  One of the unique aspects of the test was 
that the test was large-scale and utilized the loading capabilities of two LBCBs to successfully 
impose the proper cumulating lateral load on the lower three story specimen.  Also, considering 
that only a few prior research programs have studied the coupled wall as a system; most 
researchers have solely focused on the response of the coupling beam. The results were used to 
assess the structural performance and contributing mechanisms.  A detailed look at the coupled 
wall test can be found in Marley’s thesis (Marley, Expected 2012) and Turgeon’s thesis 
(Turgeon, 2011).  The following summarizes the findings and conclusions of this experiment.   
• The tested coupled wall sustained a drift to 2.27%, which was larger than the 
drifts sustained by the comparable planar wall test and yet still lower than 
anticipated. 
• The coupling beams performed extremely well exhibiting high levels of 
rotational ductility from high levels of confinement reinforcement and ductile 
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diagonal tension reinforcement.  Large cracks developed at the interface of the 
coupling beam and the wall pier, but crushing and other damage limits states 
such as excessive concrete spalling or crushing were limited or nonexistent.  The 
damage patterns in the coupling beams included modest spalling. The maximum 
measured end rotation was less than 5%.  These observations demonstrate that a 
coupling beam properly detailed with diagonal reinforcement can withstand large 
deformations and rotations. 
• As the coupling beams underwent plastic deformation, the coupling beams grew 
in the axial direction over 8 milli-strain.  Given that the coupling beams are 
restrained by the wall piers, an axial load was introduced into each coupling 
beam due to restrained axial growth of the coupling beam. 
• Progression of yielding was as follows: yielding of the coupling beams in stories 
2 and 3 followed by yielding of the wall piers and finally the first story coupling 
beam. It was no surprise that the demand on the first story coupling beam was 
much lower due to the relative displacement of the wall piers at this height 
compared to the upper two stories. 
• Extensive damage in the compression pier, including concrete core damage and 
bar buckling, lead to an explosive and sudden failure as the specimen was moved 
from 2 to 2.27% drift.  
• The specimen was subject to a pure axial load test after significant damage was 
sustained in both wall piers. The post-damage axial capacity was 0.48f’c, 
suggesting that the core system had sufficient gravity load carrying capacity to 
carry the dead weight of the structure after an undergoing a significant 
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earthquake or wind event.  This suggests that the structure would meet a “life 
safety” limit state allowing ductility without leading to total collapse during a 
major event. 
• The primary response mechanism to the drift is flexure. The flexural 
contributions from the first story are the largest although the base rotation and, to 
a lesser extent, the second story flexural deformations also contributed a more 
modest amount to the total drift. 
• The individual mechanisms contributing to the drift (i.e., first story flexure, base 
rotation, shear in each story) in the tension pier were similar throughout the drift 
history. The drift contributions in the compression pier changed significantly 
with initial damage in the concrete. More extensive concrete damage translated 
into more significant first-story flexural contributions. 
• The shear stress demands in the coupling beams exceeded 61234 psi. 
• The results of this test specimen were combined with the prior research results to 
evaluate the best set of effective stiffness assumptions for coupled wall analysis. 
The results indicate the recommendations by Birely (2011) and Mohr (2007), of 
0.4 and 0.04 for the wall pier and coupling beam respectively, provided the best 
estimate of the yield drift.   
• Close-range photogrammetric techniques can be used to capture high resolution 
non-contract displacement field measurements for large-scale structural testing. 
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7.2 Conclusions on Cracking of Structural Walls 
The use of close range digital photogrammetry and high resolution displacement field 
measurements made it possible to extensively study and observe cracking in the planar wall and 
coupled wall tests.  A wide breath of data pertaining to crack pattern, crack spacing, crack width, 
and angle of cracking over the duration of the loading was compiled within this thesis for the 
planar wall and coupled wall tests.  The primary observations and conclusions of the cracking 
characteristics of structural walls have been summarized here: 
• Close-range photogrammetry and digital image processing techniques can be 
used to capture high resolution crack maps. 
• Cracking characteristics such as crack spacing, orientation, and crack width were 
related to the reinforcement ratio, reinforcement orientation, and loading, such 
that distinct patterns immerged within the boundary element compared to the 
web region.  For PW3 where the reinforcement was distributed uniformly across 
the width of the wall, the distinction between the boundary element and web 
region was less well defined. 
• The presence of closely spaced confinement reinforcement decreased the crack 
spacing within the boundary elements, and the crack spacing approached the 
spacing of the confinement reinforcement.  Using Rizkalla’s 1983 method for 
determining the crack spacing in a tension element and substituting confinement 
reinforcement for transverse reinforcement, a much better model for predicting 
crack spacing in flexure elements was developed to characterize the crack 
spacing observations in the planar wall tests. 
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• The concrete clear cover did not have a meaningful effect on the crack spacing or 
crack width given that the depth of tension reinforcement (width of the boundary 
element) was much greater than the concrete cover.  The cover is a dominant 
term used in predicting the crack spacing and crack width as originally proposed 
by Gergely and Lutz in 1968, and is seen in the CEB-FIP equation for 
calculating the crack spacing.  However, cover can dilute the crack spacing 
calculation in a bending member which has a lot tension reinforcement spread 
over the beam depth. 
• Residual cracks widths are important to help researchers and engineers to access 
damage to structures, or the extent of yielding within a wall after a wall has 
undergone a moderate or severe event.  For the planar wall tests, a stabilized 
crack pattern was observed around 0.75% drift which was the onset of noticeable 
residual crack widths on the order of 0.001 inches.  A simple relationship to 
predict the residual crack width based on drift demand was presented in Equation 
5-6.  This equation can be rearranged to use the measured average residual crack 
to determine the estimate the drift that the structure underwent.  This can be 
useful in determining how much a building drifted during a wind or seismic 
event. 
• Cracking was localized around the splice zone suggesting that little deformation 
occurs within the splice itself and the majority of cracking is focused and 
localized immediately surrounding the splice zone, due to the fact that there is 
twice the amount of steel over the lap length.  Locations of splices and proximity 
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to high stress concentrations such as the bottom of a shear wall should be 
avoided if possible. 
• Tension stiffening is an important characteristic of the tensile response of 
reinforced concrete structures and it has a significant effect on the stiffness of a 
structure after cracking until the sufficient yielding has occurred.  However, 
tension stiffening is difficult to measure and the results can be hard to interpret. 
• The shrinkage of concrete can lead to premature cracking in real structures 
which can result in a loss of initial stiffness that is rarely accounted for in the 
design of reinforced concrete structures.   
 
7.3 Recommendation for Further Research 
One of the greatest aspects of this research project has been the ability to collect a large 
set of data.  This large data set lends itself to studying a wide scope of difference research 
objectives and some of those new research objectives have evolved from the objectives that 
were answered in this thesis.  Some of these potential future research objectives as they pertain 
to this thesis are summarized here: 
• The use of the splice had a tremendous roll in initiating damage at the base of the 
wall; this portion of the wall should be studied analytically and potentially in 
small$size future experiments.  Different ways of analytically modeling the 
splice can be examined to see which method leads to a fully realistic 
representation of what was observed in the experiment and the damage states for 
each wall.   
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• While the average width of the cracks in the web were compared at the ultimate 
limit state of each planar wall at three locations in each loading direction, the 
progression of cracking in the web can be studied and the localized crack widths 
can be studied.  It would be desirable to develop a way to merge local crack 
information across the entire area of the wall, instead of averaging across a series 
of cracks.  Digital image processing techniques will need to be employed to 
solving this problem.    
• The coupled wall was a very complex test that highlighted the complicated 
aspects of the loads that travel throughout this system.  The strut$and$tie method 
may be a plausible approach to designing a coupled wall systems.  Developing a 
strut$and$tie model and investigating the nonlinear aspects of this model would 
be desirable.  Special attention should be taken to add restraints within the 
coupling beams to allow them to grow axially while being restrained by the wall 
piers and slab.   
• The strain field distributions from the VecTor2 analyses should be compared 
with the Metris system and photogrammetric measurements.  New data 
comparison techniques could be developed to access the relative validity of these 
measurements and stress distribution.  Additionally, the displacement field data 
can be used as element nodal input data for a FEM model to compare other 
aspects of the structure besides strains.  In other words, each element can have 4 
nodes, and the displacement of those 4 nodes which has been measured 
experimentally can be used as input into a MCFT quadrilateral element.  The 
resulting external forces can be back solved for and put back into the global 
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structured and compared to the global forces and moments.  Similar, use the 
displacement field data as an input into VecTor2’s post processing capabilities 
for advanced data visualization and analysis.   
• Tension stiffening was studied in the boundary element by simplifying it as a 
uniaxial tension member.  However, because the methodology to solve for the 
tension force in the boundary element led to data that was difficult to interpret 
with respect to tension stiffening, a refined detailed free body diagram of the 
boundary element should be developed and used to consider the interaction of 
the connected web region and the strain gradient across the boundary element to 
better estimate the force in the boundary element, in hopes of leading to a better 
method of investigating tension stiffening in real structures.  
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APPENDIX A: Specimen Drawings, Instrumentation Layouts, and 
Test Setup 
 
This appendix includes generic information for each of the planar wall tests and coupled 
wall tests, including tests setup, instrumentation layouts, metadata, and specimen construction 
details.  This information presented here along with supplemental documents, data, photographs, 
videos, and papers can be found on NEEShub at www.NEES.org under the project titled 
NEESR Behavior, Analysis, and Design of Complex Wall Systems.  At the time of the 
publication of this thesis, data from the planar and coupled wall tests is available including raw 
data, processed data, photographs, metadata, and videos. 
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were excited by ~9.90 volts.  This excitation voltage
was measured throughout the loading denoted by
channel name "DCexcitation".  In order to convert the
raw voltage data into engineering units of inches, the
following calculation was used:
Measured Signal Eng. Units (in) =
Measured Signal (V) / [ 1000*Sensitivity (mV/V/in) *
Excitation Voltage (V) ]
Note: Fully extended equals 0 and fully retracted is
maximum range
X
East West
Table A2-4: PW2 Linear Potentiometers
Figure A2-7: PW2 Linear Potentiometers
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Origin
X
Y
14
4
48
48
48
Yce
Ywe
16
Yww
Ycw
15
West East
Note: All units in inches
unless otherwise noted
Table A2-5: PW2 Out-of-Plane Transducers
Figure A2-8: PW2 Out-of-Plane Transducers
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Origin
X
Y
14
4
48
48
48
In-plane measurement, orientation,
and location affixed to specimen
Xc
13
12
11
10
9
8
7
6
Xc
3 4
21
Dnp
Dsp
Dnn
Dsn
Znw
Zsw
Zne
Zse
14
West East
Note: All units in inches
unless otherwise noted
Table A2-6: PW2 In-Plane Transducers
Figure A2-9: PW2 In-Plane Transducers
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Approximate location of LEDs.
Not all LEDs in this diagram are
actually on wall, refer to table
for exact locations
14
4
48
48
48
8" typ.
11" typ.
West East
Note: All units in inches
unless otherwise noted
Table A2-7: PW2 Krypton/Metris Non-Contact Measurements
Figure A2-10: PW2 Krypton/Metris Non-Contact Measurements
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Table A2-8: PW2 Operation Manager Load Control Data
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Origin
X
Y
Z
X
14
4
48
48
48
180
120
Connection Beam
Connection Plate
Concrete Cap Beam
Foundation
Wall Specimen
LBCB 2 LBCB 1
Control Point
24
2
14
.7
36
Z3
Z2
Y1
X2
Z1
X1
Z3
Z2
Y1
X2
Z1
X1
Plan View
CM
23.75
53.25
80.5
81.75
17
.1
25
24
24
Elevation View
LBCB 2 LBCB 1
LBCB 2 Loading Platform LBCB 1 Loading Platform
Top Ancilllary Actuator
Bottom Ancilllary Actuator
Load Transfer Rods (10 ea. floor) 4.25"x7.75" o.c.
West
EastNote: All units in inches
unless otherwise noted
Figure A3-1: PW3 Test Setup
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#2 bar @ 6" o.c. e.f.
Confinement
Ties & Hoops
#2 @ 1.75" o.c.
Note: All units in inches
unless otherwise noted
Figure A3-2: PW3 Rebar Elevation
267
L   = 73.5L   = 23.25
t 
=
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A
be w L   = 23.25be
Detail A
#4 bar @ 4.25" o.c. e.f.
#2 bar @ 6" o.c. e.f.
Confinement
Hoops & Ties
#2 @ 1.75" o.c.
L = 120
23.25
6
1
2
2
1
1 4.25 4.25 4.25 4.25 4.25 1
14 - #4 bar @ 4.25" o.c.
Note: All units in
inches unless
otherwise noted
Figure A3-3: PW3 Cross Section
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Gauge on foundation bar
Gauge on wall bar
Origin
C
D
BA E F
G
H I J
7
8a
9
10
11
12
13
1
2
3
4
5
6
X
Y
14
4
48
48
488b
West East
Note: All units in inches
unless otherwise noted
Table A3-1: PW3 Vertical Strain Gauges
Figure A3-4: PW3 Vertical Strain Gauges
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Gauge on horizontal bar
Origin
Z
Y
X
W
V
21 3 5 64 7
X
Y
14
4
48
48
48
West East
Note: All units in inches
unless otherwise noted
Table A3-2: PW3 Horizontal Strain Gauges
Figure A3-5: PW3 Horizontal Strain Gauges
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Origin
X
Y
14
4
48
48
48
Gauge orientation (on both sides of wall)
STWO
NTWO
STWI
NTWI
STEO
NTEO
STEI
NTEI
SBWO
NBWO
SBWI
NBWI
SBEO
NBEO
SBEI
NBEI
SDWP
NDWP
SDWN
NDWN
SDEN
NDEN
SDEP
NDEP
Diagram Label Convention
CSG - A B C D
A - North or South Face
B - Top or Bottom
C - West(Left) or East(Right)
D - Outter or Inner
West East
Note: All units in inches
unless otherwise noted
Table A3-3: PW3 Concrete Strain Gauges
Figure A3-6: PW3 Concrete Strain Gauges
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Origin Y
14
4
48
48
48
120
16424216
Starting Point for linear pots is denoted by bottom
(dominant) then left point relative to THIS
diagram, but the coordinate system used to
reference this point is relative to the SW corner of
the wall while sitting in the testing location denoted
by origin in this diagram.
S E
S
E
S
EE
S
S - Starting Node
E - Ending Node
Orientation Schematic
*relative to this diagram
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These instruments are DC linear potentiometers that
were excited by ~9.90 volts.  This excitation voltage
was measured throughout the loading denoted by
channel name "DCexcitation".  In order to convert the
raw voltage data into engineering units of inches, the
following calculation was used:
Measured Signal Eng. Units (in) =
Measured Signal (V) / [ 1000*Sensitivity (mV/V/in) *
Excitation Voltage (V) ]
Note: Fully extended equals 0 and fully retracted is
maximum range
X
East West
Table A3-4: PW3 Linear Potentiometers
Figure A3-7: PW3 Linear Potentiometers
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Origin
X
Y
14
4
48
48
48
Yce
Ywe
16
Yww
Ycw
15
West East
Note: All units in inches
unless otherwise noted
Table A3-5: PW3 Out-of-Plane Transducers
Figure A3-8: PW3 Out-of-Plane Transducers
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Origin
X
Y
14
4
48
48
48
In-plane measurement, orientation,
and location affixed to specimen
Xc
13
12
11
10
9
8
7
6
Xc
3 4
21
Dnp
Dsp
Dnn
Dsn
Znw
Zsw
Zne
Zse
14
West East
Note: All units in inches
unless otherwise noted
Table A3-6: PW3 In-Plane Transducers
Figure A3-9: PW3 In-Plane Transducers
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Approximate location of LEDs.
Not all LEDs in this diagram are
actually on wall, refer to table
for exact locations
14
4
48
48
48
8" typ.
11" typ.
West East
Note: All units in inches
unless otherwise noted
Table A3-7: PW3 Krypton/Metris Non-Contact Measurements
Figure A3-10: PW3 Krypton/Metris Non-Contact Measurements
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Table A3-8: PW3 Operation Manager Load Control Data
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Origin
X
Y
Z
X
14
4
48
48
48
180
120
Connection Beam
Connection Plate
Concrete Cap Beam
Foundation
Wall Specimen
LBCB 2 LBCB 1
Control Point
24
2
14
.7
36
Z3
Z2
Y1
X2
Z1
X1
Z3
Z2
Y1
X2
Z1
X1
Plan View
23.75
53.25
80.5
81.75
17
.1
25
24
24
Elevation View
LBCB 2 LBCB 1
LBCB 2 Loading Platform LBCB 1 Loading Platform
Top Ancilllary Actuator
Bottom Ancilllary Actuator
Load Transfer Rods (10 ea. floor) 6" o.c.
West
EastNote: All units in inches
unless otherwise noted
Figure A4-1: PW4 Test Setup
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#2 bar @ 6" o.c. e.f.
(3)7 - #4 bar @ 3" o.c.
Confinement
Ties & Hoops
#2 @ 2" o.c.
Note: All units in inches
unless otherwise noted
Figure A4-2: PW4 Rebar Elevation
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L   = 80L   = 20
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Detail A
#2 bar @ 6" o.c. e.f.
#2 bar @ 6" o.c. e.f.
(3)7 - #4 @ 3" o.c.
Confinement
Hoops & Ties
#2 @ 2" o.c.
L = 120
0.5" clear cover
Note: All units in
inches unless
otherwise noted
Figure A4-3: PW4 Cross Section
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Gauge on wall bar
Origin
C
D
BA E F
G
H I J
5
6
8
9
10
11
12
4
X
Y
14
4
48
48
48
3
2
1
7
West East
Note: All units in inches
unless otherwise noted
Table A4-1: PW4 Vertical Strain Gauges
Figure A4-4: PW4 Vertical Strain Gauges
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Gauge on horizontal bar
Origin
Z
Y
X
W
V
21 3 5 64 7
X
Y
14
4
48
48
48
West East
Note: All units in inches
unless otherwise noted
Table A4-2: PW4 Horizontal Strain Gauges
Figure A4-5: PW4 Horizontal Strain Gauges
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Origin
X
Y
14
4
48
48
48
Gauge orientation (on both sides of wall)
STWO
NTWO
STWI
NTWI
STEO
NTEO
STEI
NTEI
SBWO
NBWO
SBWI
NBWI
SBEO
NBEO
SBEI
NBEI
SDWP
NDWP
SDWN
NDWN
SDEN
NDEN
SDEP
NDEP
Diagram Label Convention
CSG - A B C D
A - North or South Face
B - Top or Bottom
C - West(Left) or East(Right)
D - Outter or Inner
West East
Note: All units in inches
unless otherwise noted
Table A4-3: PW4 Concrete Strain Gauges
Figure A4-6: PW4 Concrete Strain Gauges
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Origin Y
14
4
48
48
48
120
16424216
Starting Point for linear pots is denoted by bottom
(dominant) then left point relative to THIS
diagram, but the coordinate system used to
reference this point is relative to the SW corner of
the wall while sitting in the testing location denoted
by origin in this diagram.
S E
S
E
S
EE
S
S - Starting Node
E - Ending Node
Orientation Schematic
*relative to this diagram
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These instruments are DC linear potentiometers that
were excited by ~9.90 volts.  This excitation voltage
was measured throughout the loading denoted by
channel name "DCexcitation".  In order to convert the
raw voltage data into engineering units of inches, the
following calculation was used:
Measured Signal Eng. Units (in) =
Measured Signal (V) / [ 1000*Sensitivity (mV/V/in) *
Excitation Voltage (V) ]
Note: Fully extended equals 0 and fully retracted is
maximum range
X
East West
Figure A4-7: PW4 Linear Potentiometers
Table A4-4: PW4 Linear Potentiometers
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Origin
X
Y
14
4
48
48
48
Yce
Ywe
16
Yww
Ycw
15
West East
Note: All units in inches
unless otherwise noted
Table A4-5: PW4 Out-of-Plane Transducers
Figure A4-8: PW4 Out-of-Plane Transducers
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Origin
X
Y
14
4
48
48
48
In-plane measurement, orientation,
and location affixed to specimen
Xc
13
12
11
10
9
8
7
6
Xc
3 4
21
Dnp
Dsp
Dnn
Dsn
Znw
Zsw
Zne
Zse
14
West East
Note: All units in inches
unless otherwise noted
Table A4-6: PW4 In-Plane Transducers
Figure A4-9: PW4 In-Plane Transducers
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Approximate location of LEDs.
Not all LEDs in this diagram are
actually on wall, refer to table
for exact locations
14
4
48
48
48
8" typ.
11" typ.
West East
Note: All units in inches
unless otherwise noted
Table A4-7: PW4 Krypton/Metris Non-Contact Measurements
Figure A4-10: PW4 Krypton/Metris Non-Contact Measurements
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Table A4-8: PW4 Operation Manager Load Control Data
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Figure A5-1: Planar Wall Test Setup for PW1
Front Elevation
Plan View
East Bank Camera Column
Krypton/Metris Camera
Instrument Reference Column
Connection Beam
LBCB1 LBCB2 Strong Wall
N
West Bank Camera Column
Cap
Wall
Specimen
Foundation
Krypton/Metris Camera
West Bank
Camera Column
East Bank Camera Column
Instrument
Reference
Column
Foundation
Wall Specimen
Strong Floor Anchor
Holes (5x2)
Strong Wall
Note: LBCBs, cap, connection beam,
east side camera, front center camera,
and back center camera hidden for
clarity
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Figure A5-2: Planar Wall Test Setup for PW2, PW3, and PW4
Front Elevation
Plan View
East Bank Camera Column
Top Actuator Transfer Arms
Top Actuator
Reaction Assemblage
Krypton/Metris Camera
Instrument Reference Column
Connection Beam
LBCB1 LBCB2 Strong Wall
Bottom Actuator
Reaction Assemblage
N
West Bank Camera Column
Bottom Actuator Transfer Arms
Cap
Wall
Specimen
Foundation
Actuator Transfer Arms
Actuator Reaction
Assemblages
Top Actuator
Bottom Actuator
Actuators
Actuator Transfer Beam
Krypton/Metris Camera
West Bank
Camera Column
East Bank Camera Column
Instrument
Reference
Column
Foundation
Wall Specimen
Shear Transfer Bars
Strong Floor Anchor
Holes (5x2)
Strong Wall
Note: LBCBs, cap, connection beam,
front center camera, and back center
camera hidden for clarity
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NFigure A5-3: Planar Wall Camera Locations
Back Center
East Side
(Only PW1)
Front Center
East Bottom
East Middle
East Top
West Top
West Middle
West Bottom
290
NFigure A5-4: Krypton/Metris Camera Location For All Planar Wall Tests
Krypton/Metris
Camera
Measurement
Volume
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unless otherwise noted
Figure A5-5: Typical Splice for PW1, PW2, and PW3
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Origin
X
Y
Z
X
180
120
Connection Beam
Connection Plate
Concrete Cap Beam
Foundation
Wall Specimen
LBCB 1 LBCB 2
Control Point
East Pier
2
14
.7
Plan View
Elevation View
LBCB 1 Loading Platform LBCB 2 Loading Platform
West East
Note: All units in inches
unless otherwise noted
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48 24 48
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Figure A6-1: CW1 Test Setup
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48
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48
12
Confinement
Ties & Hoops
#2 @ 2" o.c.
#4 bar @ 2" o.c. e.f.
#2 bar @ 3" o.c. e.f. (1st Floor)
#2 bar @ 6" o.c. e.f. (2nd & 3rd Floor)
#2 bar @ 6" o.c. e.f.
6666 12
30
Note: All units in inches
unless otherwise noted
Figure A6-2: CW1 Rebar Elevation
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L   = 14
t =
 6 be
Detail A
16 - #4 bar @ 2" o.c. e.f.
#2 bar @ 6" o.c. e.f.
Confinement
Hoops & Ties
#2 @ 2" o.c.
L = 120
14.0
6
1
2
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1
1
#2 bar @ 3" o.c. e.f. (1st Floor)
#2 bar @ 6" o.c. e.f. (2nd & 3rd Floor)
2 2 2 2 2 2 1
L   = 20w L   = 14be L   = 24CB L   = 14be L   = 20w L   = 14be
A
Note: All units in inches unless otherwise noted
Figure A6-3: CW1 Cross Section
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Detail B
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?????????
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Confinement
Hoops & Ties
#2 @ 2" o.c.
12-#2 bar @ 2.5" o.c.
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Note: All units in inches
unless otherwise noted
Figure A6-4: CW1 Coupling Beam Detail
296
30
36
14
4
48
48
48
12
11
12
10
9
8
7
6
5
4
3
2
1
A B C D E F G H I J
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Note: All units in inches
unless otherwise noted
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Figure A6-5: CW1 Vertical Strain Gauges
Table A6-1: CW1 Vertical Strain Gauges
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West Pier East Pier
Note: All units in inches
unless otherwise noted
Origin
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Y
West East
Figure A6-6: CW1 Horizontal Strain Gauges
Table A6-2: CW1 Horizontal Strain Gauges
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Coupling Beam 3
East Pier
14
4
48
48
48
12
Coupling Beam 2
Coupling Beam 1
A
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C
West Pier
Origin
X
Y
West East
Figure A6-7: CW1 Coupling Beam Strain Gauges
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The instrumented bars in the first story
coupling beam were placed in the
specimen incorrectly and the mistake is
noted in this diagram
Detail B - CB2
Detail C - CB1
6
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Figure A6-8: CW1 Coupling Beam Strain Gauges
Table A6-3: CW1 Coupling Beam Strain Gauges
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STWO
NTWO
STWI
NTWI
STEO
NTEO
STEI
NTEI
SBWO
NBWO
SBWI
NBWI
SBEO
NBEO
SBEI
NBEI
SDWP
NDWP
SDWN
NDWN
SDEN
NDEN
SDEP
NDEP
14
4
48
48
48
12
West Pier East Pier
Origin
X
Y
Gauge orientation (on both sides of wall)
Diagram Label Convention
CSG - A B C D
A - North or South Face
B - Top, Bottom, Diagonal
C - West(Left) or East(Right)
D - Outter, Inner, Positive Angle, 
or Negative Angle
Note: All units in inches
unless otherwise noted
West East
Figure A6-9: CW1 Concrete Surface Strain Gauges
Table A6-4: CW1 Concrete Surface Strain Gauges
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Starting Point for linear pots is denoted by bottom
(dominant) then left point relative to THIS diagram, but the
coordinate system used to reference this point is relative to
the SW corner of the wall while sitting in the testing
location denoted by origin in this diagram.
S E
S
E
S
EE
S
S - Starting Node
E - Ending Node
Orientation Schematic
*relative to this diagram
These instruments are DC linear potentiometers that were
excited by ~9.90 volts.  This excitation voltage was measured
throughout the loading denoted by channel name
"DCexcitation".  In order to convert the raw voltage data into
engineering units of inches, the following calculation was used:
Measured Signal Eng. Units (in) =
Measured Signal (V) / [ 1000*Sensitivity (mV/V/in) *
Excitation Voltage (V) ]
Note: Fully extended equals 0 volts and fully retracted is
maximum range (~9.9 volts)
Note: All units are in inches unless otherwise noted
East
West
Figure A6-10: CW1 Linear Potentiometers
Table A6-5a: CW1 Linear Potentiometers
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Note: All units in inches
unless otherwise noted
Detail A - CB3 Detail B - CB2
Detail C - CB1
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Starting Point for linear pots is denoted by bottom
(dominant) then left point relative to THIS diagram, but the
coordinate system used to reference this point is relative to
the SW corner of the wall while sitting in the testing
location denoted by origin in the diagram.
S E
S
E
S
EE
S
S - Starting Node
E - Ending Node
Orientation Schematic
*relative to this diagram
Figure A6-11: CW1 Linear Potentiometers
Table A6-5b: CW1 Linear Potentiometers
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West Pier East Pier
Note: All units in inches
unless otherwise noted
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4
48
48
48
12
OP-09
OP-05
OP-01
OP-03
OP-02
OP-07
OP-06
OP-11
OP-10
OP-12
OP-08
OP-04
Origin
X
Y
OP-W OP-E
West East
Figure A6-12: CW1 Out-of-Plane Transducers
Table A6-6: CW1 Out-of-Plane Transducers
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SP-W1
X-cW
ZwwZww
X-cE
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SP-W2
SP-W3
SP-W4
SP-W5
SP-W6
SP-E1
SP-E2
SP-E3
SP-E4
SP-E5
SP-E6
Dnp Dnn
SP-W0 SP-E0
West Pier East Pier
Note: All units in inches
unless otherwise noted
Origin
X
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Figure A6-13: CW1 In-Plane Transducers
Table A6-7: CW1 In-Plane Transducers
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West Pier East Pier
Note: All units in inches
unless otherwise noted
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Figure A6-14: CW1 Inclinometers
Table A6-8: CW1 Inclinometers
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Note: All units in inches
unless otherwise noted
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Figure A6-15: CW1 Krypton/Metris Non-Contact Measurements
Table A6-9: CW1 Krypton/Metris Non-Contact Measurements
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Note: All units in inches
unless otherwise noted
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Origin
Figure A6-16: CW1 Photogrammetric Non-Contact Measurements
Table A6-10: CW1 Photogrammetric Non-Contact Measurements
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Table A6-1 : CW1 Operation Manager Load Control Data
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1
Figure A6-17: CW1 Test Setup
Front East
Camera Column
East Instrument
Reference Column
Back East
Camera Column
Foundation
Cap
Connection Beams
Wall Specimen
West Instrument
Reference Column
Front Elevation
LBCB1 LBCB2
Strong Wall
West Front
Camera Column
West Back
Camera Column
N
Strong Wall
Plan View
Krypton/Metris Camera
West Front
Camera Column
East Front
Camera Column
West
Instrument
Reference
Column
Foundation
Wall Specimen
Strong Floor Anchor
Holes (5x2)
Note: LBCBs, cap, and connection beam
hidden for clarity
West Back
Camera Column
East Back
Camera Column
East
Instrument
Reference
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Figure A6-18: CW1 Camera Locations
Back Center
Back East Bottom
Front East Bottom
Back West Top
Back East Top
Front East Top
Front West Bottom
Back West Bottom
Front West Top
Note: Two cameras not shown
in this diagram were used to
capture a close-up view of the
coupling beams.  One camera
captured the top two coupling
beams, and the other captured
the bottom coupling beam.
The nine cameras shown in
this figure were used to
capture the photogrammetric
non-contact measurements.
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Figure A6-19: CW1 Krypton/Metris Camera Location
Krypton/Metris
Camera
312
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APPENDIX B: Photogrammetry 
 
B.1 Introduction to Photogrammetry 
Measuring crack widths and crack spacing can be a very tedious task for a researcher, 
and in almost all cases it is incomplete data such that crack widths or crack spacings are only 
known at a discrete location or point in loading or, the data is approximate and/or crude.  
Similarly, most research projects that specifically target cracking usually focus on simple 
uniaxial tests that produce simplified cracking patterns with respect to structures found in the 
field which typically have much more complex loadings and thus complex cracking patterns.  
The combination of realistic cyclic loading on structural wall systems with the use of advanced 
close-range photogrammetry through the use of multiple high resolution cameras and an 
extensive non-contact coordinate measurement system, researchers can develop a complete 
crack map, containing crack locations across every square inch of the test specimen as well as 
crack widths and crack spacings.  
Only through the use of close-range or terrestrial photogrammetry can the development 
of high resolution crack maps be feasible.  Photogrammetry is the process by which three-
dimensional spatial information about an object is obtained or measured from ordinary 
photographs.  In general, photogrammetry uses principles of triangulation to locate points in 
space that are captured within multiple images.  If a point in space is captured in at least three 
photographs, then the actual physical location of that point can be solved for provided the 
locations and parameters of the cameras are known, as depicted in Figure B1-1.  Typically, the 
points in space are actually targets that are glued to the specimen that the software can 
intelligently recognize automatically.  Provided enough points are captured across several 
314 
photographs, then a software package can solve for the location of all the desired points.  The 
software can do this only if the parameters of the camera or cameras and lens are known such as 
focal length and image size.  The commercial software package that was used in this study is 
called PhotoModeler 6.  A screen shot from the software is given in Figure B1-2.  Once a 
photogrammetry project has been constructed an engineer can extract useful information from 
the project such as as-built geometry, deformed configuration, straining between adjacent points, 
and crack maps.  All of this useful information comes from simple digital images which is quite 
remarkable.   
 
Figure B1-1: Principles of photogrammetry (Unknown source) 
 
The application of close-range photogrammetry in a structural engineering lab is not 
straight forward.  It requires that the user has a lot of experience with the software and 
constructing a photogrammetry project.  In addition, a user must have adequate general 
photography knowledge such as lighting, focusing, and camera hardware. 
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Figure B1-2: Photogrammetry project measuring as-built geometry of specimen 
 
 
B.2 Process of Obtaining Crack Maps from Photogrammetric Techniques 
Making high resolution crack maps is not a simple task.  The final product of a crack 
map can be seen in Figure B1-9.  This image is useful to an engineer since the image is high 
resolution (the sum of six photographs in this case) and it is oriented such that the coordinate 
space of the crack map image is directly related to the specimen space.  In other words, the 
crack map image is scaled such that 200 pixels equal an inch.  This is only true for a flat surface 
on a test structure.    
Cracking occurs when a structure has been stressed or deformed.  Thus to capture the 
cracks, one must take pictures of the structure in the deformed or stressed configuration.  
Typically with reinforced concrete experiments, the cracks are traced over the specimen as 
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loading is increased and at certain load stages, the loading is paused to take pictures that would 
be used to develop a crack map.  At every load stage where a researcher wants to make a crack 
map, information regarding the coordinate space of the specimen needs to be known.  Typically, 
this can be three points that are not attached to the structure and do not move throughout the 
duration of the test.  However, this means that for every load step the crack information will be 
in the deformed or stressed configuration.  This may be useful, however it also may be desirable 
to compare crack maps across a common image, for example the undeformed configuration.  In 
other words, as a single crack elongates across subsequent load steps, the line depicting that 
crack on the crack map will not have to be retraced.  Thus, it is also easier to compare across 
different load steps if every crack map is mapped back to the undeformed configuration. 
 The challenge, or requirement, is to take pictures from the deformed or stressed 
configuration and map them back to the undeformed configuration where information about the 
specimen is known.  For this process, the information regarding the undeformed configuration 
of the specimen was measured with the non-contact measurement system called the Nikon 
Metrology K-series Optical CMM or a separate photogrammetry project.  For example, Figure 
B1-3(a) is an image created from a photogrammetry project before the experiment was 
conducted.  Thus, the position of all of the photogrammetry targets is known in specimen 
coordinate space.  Similarly, all of the Nikon Metrology LEDs are known in specimen space.  
Either set of information can be used to map each of the six photographs back to this 
configuration.  For clarity, Figure B1-3(a) was made using one camera to take multiple pictures 
of the wall such that PhotoModeler could be used to solve for the location of all of the targets in 
the projects.  Figure B1-3(b) was made from six individual cameras that were stitched together 
manually. 
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Figure B1-3: Development of crack maps (a) undeformed configuration (b) deformed cracked 
configuration 
 
B.3 Removing Distortion 
In order to stitch the six photographs together manually, the distortion within each 
photograph needs to be removed.  There are two types of distortion that need to be removed, 
spherical or camera distortion and projective distortion.  Spherical distortion comes from the 
lens itself.  It is a fixed property of the camera and lens body together.  However, it can change 
based on the focal setting of the camera (zoom and/or focus).  Thus, for a photogrammetry 
project where one camera is utilized, the focal length must never change.  Typically, there are 
two types of camera distortion, barrel distortion and pincushion distortion.  An example of these 
two types of distortion is shown in Figure B1-4.   
 
318 
 
Figure B1-4: (a) Barrel distortion (b) Pincushion distortion (Ojanen, 1999) 
 
A photograph will have a combination of both types of distortion.  The two images 
presented in Figure B1-5 and Figure B1-6 depict what happens when the distortion is removed.  
It is difficult to see the distortion removed in Figure B1-6, but in essence, straight lines in reality 
are straight in Figure B1-6 whereas in Figure B1-5 they are slightly distorted.  The distortion is 
most pronounced at the extents of the image and thus if the distortion is not removed stitching 
multiple images together is impossible.  Camera distortion is removed with a Matlab program 
that was developed by Harri Ojanen (Ojanen, 1999). 
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Figure B1-5: Original photograph taken with 20mm lens 
 
 
Figure B1-6: Image with camera distortion removed 
320 
Once the camera distortion has been removed the projective distortion can be removed.  
The projective distortion is referred to as the inherent distortion that is introduced by the 
photographer when the photograph is taken at an angle to the subject matter.  It is the 
perspective distortion that introduces multiple vanishing points into the photograph.  A 
depiction of this type of distortion can be found in Figure B1-7 and Figure B1-8. 
 
 
Figure B1-7: Projective image distortion of a flat object 
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Figure B1-8: Projective image distortion correction 
 
To remove projective distortion, the image is transformed using points in common 
between the deformed image and the undeformed image.  There must be four points in the 
deformed image that have a known position in the specimen coordinate space or undeformed 
image.  Matlab is used to perform this transformation primarily utilizing a function called 
controlpoints.   The four points are cross referenced between the two photographs and Matlab 
solves for the transformation matrix and then applies it to the photograph.  The result is called 
an oriented or transformed image which is shown in Figure B1-8.  The term oriented refers to 
the fact that the image has been oriented or transformed into specimen coordinate space.  To 
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reiterate, the undeformed configuration image is created by either using non-contact 
measurement information or a separate photogrammetry project as shown in Figure B1-3(a).  As 
an example, this is done for all six images for the wall project and then the six oriented images 
are stitched together.   
 
B.4 Stitching Photographs Together 
The six oriented images are stitched together using a Matlab script.  Because the images 
were mapped back to the undeformed configuration of the entire surface of the wall, the images 
fit well together.  If this was not the case, each image would have to have a translational 
transformation applied to it to fit within the global specimen space.  This is only an issue since 
it is merely necessary to have four relative points in common to perform the projective 
transformation.  The absolute location of those points needs to be known to perform the 
translational transformation; otherwise both transformations (translational and projective) can 
be taken care of within the projective transformation. 
 
B.5 Extracting Crack Information 
Once an oriented high-resolution image is created, the noise needs to be removed.  The 
noise refers to the information contained within the photograph that is of no use to the 
researcher.  Typically, this is instrumentation cables, targets, and shading/coloring of the 
specimen.  Anything that is not a crack is considered noise since this is the only information that 
is relevant to making a crack map.  To remove the noise, the compiled image is imported into an 
image editing program such as Photoshop.   Within Photoshop, layers are added to the image 
and the cracks are manually traced over.  Separate layers assigned for cracks formed moving in 
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each cyclic direction.  In the case of the wall projects, cracks were drawn in the east and west 
directions of loading (See Figure 3-23 for lab orientation).  Here it is necessary to point out that 
up until this point there are two steps where human error is introduced into the crack map.  First, 
as cracking is observed during loading, a marker is used to draw on the specimen close to the 
actual crack itself.  The crack is not traced over directly as this would cover up the crack and 
mask the cracks width to the researcher.  The primary reason this is done is because the crack 
itself is typically too small for the camera to pick up by itself especially at low levels of loading 
or when the loading is at a state where existing cracks have closed.  Thus, the cracks depicted in 
the crack map are from a marker that was traced very close to the actual crack.  The second 
form of human error introduced into crack maps by this process is when the cracks are traced 
within Photoshop.  However, the total error introduced into the crack map is acceptable for the 
type of information needed.  Once the image has been traced, the layer with the traced cracks is 
exported leaving behind the remainder of the picture; the final product is shown in Figure B1-9. 
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Figure B1-9: Crack map of the bottom stories of a planar structural wall 
 
It should be noted that it may be possible to decrease the two sources of human error by 
using high resolution photographs where the cracks can be seen directly within the photograph.  
However, this cannot be relied upon when the cracks are closed.  An alternative would be to 
trace over the cracks with a distinct color that can be filtered out by image processing.  
Similarly, technologies like line detection, and line smoothing could be used but are beyond the 
scope of this thesis. 
 
B.6 Automation and Application to Displacement Field Measurements 
The process explained above uses a considerable amount of manual labor.  Using 
photogrammetry software to remove the distortion and stitch together the final images would 
alleviate much of the manual labor described above.  This is the plan for the upcoming coupled 
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wall test.  However, much more planning is needed to create a successful photogrammetry 
project.   First of all, the camera stations need to be planned such that each photograph captures 
a multitude of automatic coded targets, and that each photograph has a good even distribution of 
points.   The best way to do this is by utilizing a detailed 3D AutoCAD layout of the test setup.  
The key feature in this drawing is that the camera field-of-view (FOV) was taken into account 
when placing the camera stations.  Since it is known that 12.3 megapixels (4,288 × 2,848), 
Nikon D90 cameras are being used to take high resolution photographs of the specimen with 
fixed 20mm lens, a conservative 3D FOV was created to help with planning the camera station 
locations.  An isometric view of this drawing is presented in Figure B1-10. 
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Figure B110: Camera station planning with 3D AutoCAD drawing. 
 
Another reason it is critical to plan the camera stations is because it helps determine 
which cameras will capture each target.  Each target needs to be captured in a least three 
photographs.  It will also help distribute the camera stations such that as many points as possible 
are captured in each photograph and that there is not unused camera space. 
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Once a detailed plan of the camera stations has been made, it is necessary to calibrate 
each camera.  Each camera must be calibrated to the focal length it will be set at for the actual 
test.  The focal length is the most important parameter that the photogrammetry software needs.  
Each camera can be calibrated one of two ways.  The first is to calibrate the camera using a 
calibrated sheet of targets which is the method performed by the camera supplier.  This method 
is fine however, keeping in mind that any small change to the focal length will erase the 
calibration.  This is one reason why is it desired to use a fixed focal length lens as opposed to a 
telescoping lens.  However, even a fixed angle lens is susceptible to small changes to the focal 
length by changing the focus.  The calibration procedure that is preferred is called a full-field 
calibration.  It is the preferred method because the parameters of the camera settings are solved 
directly by the software assuming that none of the parameters change during each photograph.  
This way, each camera is setup at a certain camera station and then those settings are locked in 
place while the camera is used to take photographs used for calibration.  According to 
PhotoModeler, this is the most accurate.  It guarantees that the settings used for the actual test 
are the same used to calibrate the camera and lens.  This process is performed for each camera 
and lens. 
 
B.7 Accuracy of Photogrammetry Crack Maps 
Determining the accuracy of photogrammetry techniques is not trivial.  The accuracy of 
photogrammetry is not measured on an absolute scale similar to a traditional transducer 
instruments, but rather a relative scale based on the physical size of the project.  Since the 
measurement itself comes from digital images, the quality of the photographs is directly 
correlated to accuracy, and the size of the object being photographed.  There are several key 
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factors that affect the accuracy of a photogrammetry project.  Intuitively, the camera resolution 
is directly related to the accuracy and is the most important.  Also, while it is not entirely 
necessary to calibrate the camera, it is of utmost importance when working with a high accuracy 
project such as measuring strains.  Other factors such as target type, number of targets in each 
photograph, target coverage or redundancy, and angle between photographs are all directly 
related to accuracy.  Eos Systems states that the accuracy of their software can reach 1 part in 
30,000, or for a 3 meter object, positions can be accurate to 0.1mm at 68% probability or one 
sigma (Eos Systems Inc., 2010).  This assumes that all appropriate factors were taken to achieve 
the greatest accuracy.   
 
B.8 Shortcomings of Photogrammetry Crack Maps 
Crack maps created from photogrammetry techniques are superior to crack maps 
developed by hand or using original unoriented photographs, however there are a few 
shortcomings of the procedures described above.  First of all, the techniques and skills required 
to develop these crack maps require a lot of user experience.  Second, these techniques do not 
transcend to all projects well.  For example, while it is possible to capture the cracking surface 
off a cylindrical column or bridge pier, it may require a large number of cameras that would 
make the project uneconomical and impractical.  In addition, for large projects there may not be 
enough space or distance from the object to obtain good photographs.  For example, if the 
specimen sits too close to a reaction wall, it may be impossible to take pictures of the side 
closest to the reaction wall.  Additionally, there may be obstacles in a test setup that interfere 
with the line-of-sight of the camera thus making it difficult to obtain good photographs.  
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APPENDIX C: Crack Maps 
 
This appendix includes crack maps for the planar and coupled wall tests.  Each crack 
map for the planar wall tests is 4,000 pixels tall by 5,000 pixels wide corresponding to the lower 
two stories of the planar wall tests (8 feet tall by 10 feet wide).  The images have been scaled 
such that roughly 42 pixels equals one inch.  Each crack map for the coupled wall test is 2,371 
pixels tall by 1,925 pixels wide corresponding to the extent of the front face of the coupled wall 
(13 feet tall by 10 feet wide).  These images have been scaled such that roughly 16 pixels equals 
one inch.  At the time of publishing this thesis a digital copy of the crack maps can be found on 
NEEShub at www.NEES.org under the project titled NEESR Behavior, Analysis, and Design of 
Complex Wall Systems. 
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Figure C1-1: PW1 Cumulative Crack Maps
331
Figure C1-2: PW1 Cumulative Crack Maps
332
Figure C1-3: PW1 Cumulative Crack Maps
333
Figure C1-4: PW1 Cumulative Crack Maps
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Figure C1-5: PW1 Cumulative Crack Maps
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Figure C1-6: PW1 Cumulative Crack Maps
336
Figure C1-7: PW1 Cumulative Crack Maps
337
Figure C1-8: PW1 Crack Maps Pushing East (Right) (+) Drift
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Figure C1-9: PW1 Crack Maps Pushing East (Right) (+) Drift
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Figure C1-10: PW1 Crack Maps Pushing East (Right) (+) Drift
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Figure C1-11: PW1 Crack Maps Pushing East (Right) (+) Drift
341
Figure C1-12: PW1 Crack Maps Pushing West (Left) (-) Drift
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Figure C1-13: PW1 Crack Maps Pushing West (Left) (-) Drift
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Figure C1-14: PW1 Crack Maps Pushing West (Left) (-) Drift
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Figure C1-15: PW1 Crack Maps Pushing West (Left) (-) Drift
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Figure C2-1: PW2 Cumulative Crack Maps
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Figure C2-2: PW2 Cumulative Crack Maps
347
Figure C2-3: PW2 Cumulative Crack Maps
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Figure C2-4: PW2 Cumulative Crack Maps
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Figure C2-5: PW2 Cumulative Crack Maps
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Figure C2-6: PW2 Cumulative Crack Maps
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Figure C2-7: PW2 Cumulative Crack Maps
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Figure C2-8: PW2 Cumulative Crack Maps
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Figure C2-9: PW2 Cumulative Crack Maps
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Figure C2-10: PW2 Cumulative Crack Maps
355
Figure C2-11: PW2 Cumulative Crack Maps
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Figure C2-12: PW2 Cumulative Crack Maps
357
Figure C2-13: PW2 Cumulative Crack Maps
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Figure C2-14: PW2 Crack Maps Pushing East (Right) (+) Drift
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Figure C2-15: PW2 Crack Maps Pushing East (Right) (+) Drift
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Figure C2-16: PW2 Crack Maps Pushing East (Right) (+) Drift
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Figure C2-17: PW2 Crack Maps Pushing East (Right) (+) Drift
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Figure C2-18: PW2 Crack Maps Pushing East (Right) (+) Drift
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Figure C2-19: PW2 Crack Maps Pushing East (Right) (+) Drift
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Figure C2-20: PW2 Crack Maps Pushing East (Right) (+) Drift
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Figure C2-21: PW2 Crack Maps Pushing West (Left) (-) Drift
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Figure C2-22: PW2 Crack Maps Pushing West (Left) (-) Drift
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Figure C2-23: PW2 Crack Maps Pushing West (Left) (-) Drift
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Figure C2-24: PW2 Crack Maps Pushing West (Left) (-) Drift
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Figure C2-25: PW2 Crack Maps Pushing West (Left) (-) Drift
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Figure C2-26: PW2 Crack Maps Pushing West (Left) (-) Drift
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Figure C2-27: PW2 Crack Maps Pushing West (Left) (-) Drift
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Figure C3-1: PW3 Cumulative Crack Maps
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Figure C3-2: PW3 Cumulative Crack Maps
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Figure C3-3: PW3 Cumulative Crack Maps
375
Figure C3-4: PW3 Cumulative Crack Maps
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Figure C3-5: PW3 Cumulative Crack Maps
377
Figure C3-6: PW3 Cumulative Crack Maps
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Figure C3-7: PW3 Cumulative Crack Maps
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Figure C3-8: PW3 Cumulative Crack Maps
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Figure C3-9: PW3 Cumulative Crack Maps
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Figure C3-10: PW3 Cumulative Crack Maps
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Figure C3-11: PW3 Cumulative Crack Maps
383
Figure C3-12: PW3 Cumulative Crack Maps
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Figure C3-13: PW3 Cumulative Crack Maps
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Figure C3-14: PW3 Crack Maps Pushing East (Right) (+) Drift
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Figure C3-15: PW3 Crack Maps Pushing East (Right) (+) Drift
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Figure C3-16: PW3 Crack Maps Pushing East (Right) (+) Drift
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Figure C3-17: PW3 Crack Maps Pushing East (Right) (+) Drift
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Figure C3-18: PW3 Crack Maps Pushing East (Right) (+) Drift
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Figure C3-19: PW3 Crack Maps Pushing East (Right) (+) Drift
391
Figure C3-20: PW3 Crack Maps Pushing East (Right) (+) Drift
392
Figure C3-21: PW3 Crack Maps Pushing West (Left) (-) Drift
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Figure C3-22: PW3 Crack Maps Pushing West (Left) (-) Drift
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Figure C3-23: PW3 Crack Maps Pushing West (Left) (-) Drift
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Figure C3-24: PW3 Crack Maps Pushing West (Left) (-) Drift
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Figure C3-25: PW3 Crack Maps Pushing West (Left) (-) Drift
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Figure C3-26: PW3 Crack Maps Pushing West (Left) (-) Drift
398
Figure C4-1: PW4 Cumulative Crack Maps
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Figure C4-2: PW4 Cumulative Crack Maps
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Figure C4-3: PW4 Cumulative Crack Maps
401
Figure C4-4: PW4 Cumulative Crack Maps
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Figure C4-5: PW4 Cumulative Crack Maps
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Figure C4-6: PW4 Cumulative Crack Maps
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Figure C4-7: PW4 Cumulative Crack Maps
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Figure C4-8: PW4 Cumulative Crack Maps
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Figure C4-9: PW4 Cumulative Crack Maps
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Figure C4-10: PW4 Cumulative Crack Maps
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Figure C4-11: PW4 Cumulative Crack Maps
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Figure C4-12: PW4 Cumulative Crack Maps
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Figure C4-13: PW4 Cumulative Crack Maps
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Figure C4-14: PW4 Cumulative Crack Maps
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Figure C4-15: PW4 Crack Maps Pushing East (Right) (+) Drift
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Figure C4-16: PW4 Crack Maps Pushing East (Right) (+) Drift
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Figure C4-17: PW4 Crack Maps Pushing East (Right) (+) Drift
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Figure C4-18: PW4 Crack Maps Pushing East (Right) (+) Drift
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Figure C4-19: PW4 Crack Maps Pushing East (Right) (+) Drift
417
Figure C4-20: PW4 Crack Maps Pushing East (Right) (+) Drift
418
Figure C4-21: PW4 Crack Maps Pushing East (Right) (+) Drift
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Figure C4-22: PW4 Crack Maps Pushing West (Left) (-) Drift
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Figure C4-23: PW4 Crack Maps Pushing West (Left) (-) Drift
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Figure C4-24: PW4 Crack Maps Pushing West (Left) (-) Drift
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Figure C4-25: PW4 Crack Maps Pushing West (Left) (-) Drift
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Figure C4-26: PW4 Crack Maps Pushing West (Left) (-) Drift
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Figure C4-27: PW4 Crack Maps Pushing West (Left) (-) Drift
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Figure C4-28: PW4 Crack Maps Pushing West (Left) (-) Drift
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Figure C5-1: CW1 Cumulative Crack Maps
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Figure C5-2: CW1 Cumulative Crack Maps
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Figure C5-3: CW1 Cumulative Crack Maps
429
Figure C5-4: CW1 Cumulative Crack Maps
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Figure C5-5: CW1 Cumulative Crack Maps
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Figure C5-6: CW1 Cumulative Crack Maps
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Figure C5-7: CW1 Cumulative Crack Maps
433
Figure C5-8: CW1 Cumulative Crack Maps
434
Figure C5-9: CW1 Cumulative Crack Maps
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Figure C5-10: CW1 Cumulative Crack Maps
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Figure C5-11: CW1 Cumulative Crack Maps
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Figure C5-12: CW1 Cumulative Crack Maps
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Figure C5-13: CW1 Cumulative Crack Maps
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Figure C5-14: CW1 Cumulative Crack Maps
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Figure C5-15: CW1 Cumulative Crack Maps
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Figure C5-16: CW1 Cumulative Crack Maps
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Figure C5-17: CW1 Cumulative Crack Maps
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Figure C5-18: CW1 Cumulative Crack Maps
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Figure C5-19: CW1 Cumulative Crack Maps
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Figure C5-20: CW1 Cumulative Crack Maps
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Figure C5-21: CW1 Cumulative Crack Maps
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Figure C5-22: CW1 Cumulative Crack Maps
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Figure C5-23: CW1 Cumulative Crack Maps
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Figure C5-24: CW1 Cumulative Crack Maps
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Figure C5-25: CW1 Cumulative Crack Maps
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Figure C5-26: CW1 Cumulative Crack Maps
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Figure C5-27: CW1 Cumulative Crack Maps
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Figure C5-28: CW1 Cumulative Crack Maps
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Figure C5-29: CW1 Cumulative Crack Maps
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Figure C5-30: CW1 Cumulative Crack Maps
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Figure C5-31: CW1 Cumulative Crack Maps
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Figure C5-32: CW1 Cumulative Crack Maps
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Figure C5-33: CW1 Cumulative Crack Maps
459
Figure C5-34: CW1 Cumulative Crack Maps
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Figure C5-35: CW1 Cumulative Crack Maps
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Figure C5-36: CW1 Cumulative Crack Maps
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Figure C5-37: CW1 Crack Maps Pushing East (Right) (+) Drift
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Figure C5-38: CW1 Crack Maps Pushing East (Right) (+) Drift
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Figure C5-39: CW1 Crack Maps Pushing East (Right) (+) Drift
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Figure C5-40: CW1 Crack Maps Pushing East (Right) (+) Drift
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Figure C5-41: CW1 Crack Maps Pushing East (Right) (+) Drift
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Figure C5-42: CW1 Crack Maps Pushing East (Right) (+) Drift
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Figure C5-43: CW1 Crack Maps Pushing East (Right) (+) Drift
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Figure C5-44: CW1 Crack Maps Pushing East (Right) (+) Drift
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Figure C5-45: CW1 Crack Maps Pushing East (Right) (+) Drift
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Figure C5-46: CW1 Crack Maps Pushing East (Right) (+) Drift
472
Figure C5-47: CW1 Crack Maps Pushing East (Right) (+) Drift
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Figure C5-48: CW1 Crack Maps Pushing East (Right) (+) Drift
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Figure C5-49: CW1 Crack Maps Pushing East (Right) (+) Drift
475
Figure C5-50: CW1 Crack Maps Pushing East (Right) (+) Drift
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Figure C5-51: CW1 Crack Maps Pushing East (Right) (+) Drift
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Figure C5-52: CW1 Crack Maps Pushing East (Right) (+) Drift
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Figure C5-53: CW1 Crack Maps Pushing West (Left) (-) Drift
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Figure C5-54: CW1 Crack Maps Pushing West (Left) (-) Drift
480
Figure C5-55: CW1 Crack Maps Pushing West (Left) (-) Drift
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Figure C5-56: CW1 Crack Maps Pushing West (Left) (-) Drift
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Figure C5-57: CW1 Crack Maps Pushing West (Left) (-) Drift
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Figure C5-58: CW1 Crack Maps Pushing West (Left) (-) Drift
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Figure C5-59: CW1 Crack Maps Pushing West (Left) (-) Drift
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Figure C5-60: CW1 Crack Maps Pushing West (Left) (-) Drift
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Figure C5-61: CW1 Crack Maps Pushing West (Left) (-) Drift
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Figure C5-62: CW1 Crack Maps Pushing West (Left) (-) Drift
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Figure C5-63: CW1 Crack Maps Pushing West (Left) (-) Drift
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Figure C5-64: CW1 Crack Maps Pushing West (Left) (-) Drift
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Figure C5-65: CW1 Crack Maps Pushing West (Left) (-) Drift
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Figure C5-66: CW1 Crack Maps Pushing West (Left) (-) Drift
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Figure C5-67: CW1 Crack Maps Pushing West (Left) (-) Drift
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Figure C5-68: CW1 Crack Maps Pushing West (Left) (-) Drift
